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GROOTll OF BORON DOPED DIAJ^OND- • 
BY VAPOR DEPOSITION 


Abstract 

by 

DAVID J. POFe’rL 

The production of p~type semiconducting diamond by vapor phase 
deposition of a methane-diborane gas mixture at 1050 C and 0.2 Torr 
In the presence of natural Type 1 diamond seed crystals has been 
achieved. 

Evidence showing boron doped diamond was gro^iTn included: chemical 

etching, X-ray and electron diffraction, density measurements, Seebeck 

and resistivity measurements, chemical analj’^sis, optical measurements, 

induced -electron emission spectroscopy, scanning electron microscopy , 

and electron spin resonance experiments . Blank runs using hydrogen- 

\ 

diborane mixtures showed no weight gains, doping, or evidence of the 
formation of boron carbide. 

^ Cumulative weight increases during the boron doping experiments 
were as high as 9.86 percent after six doping runs. A distinct change 
in color of the diamond seed crystals from an off-white or gray before 
dopi^^g to light blue after doping was observed. Results of chemical 


ii 



aricilysis indicate that the concentration of boron in the diamond 

sample after a 9.86 percent cumulative weight increase was between 

100 and 1010 ppm depending on whether the increase in boron content 

during. doping was considered uniformly distributed through the seed 

crystals or limited- solely to the region of new diamond growth. The 

relative Seebeck coefficient for the boron doped • diamond was approxi- 

o 

mately 296 pV/°C after a 4,57 percent weight gain and 120 UV/ C after 
a cumulative weight increase of 9.86 percent. The sign of the Seebeck 
voltage after. doping was indicative of a p-type semiconductor. The 
approximate carrier concentration deduced from the Seebeck measure- 
ments is consistent with the increase in boron content determined by 
-chemical analysis. 

A striking feature of the boron doping experiments was the 
marked decrease in new diamond growth with each successive run oii 
the same sample. This is suggestive that active sites such as edges 
and kinks are being filled. 
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CHAPTER I 


INTRODUCTION AND BACKGROUND 


1.1 Introduction 

The purpose of this investigation was to determine if p~type 
semiconducting diamond can be grown by vapor phase deposition using 
a methane-diborane doping gas mixture in the presence of diamond 
seed crystals. 

It has been showm previously that diamond can be grovra at low 

12 3 

pressures where it is actually metastable. ’ ’ When diamond seed 
crystals were exposed to methane at 1050° C and pressures from 0.1 

i 12 

to 1.0 Torr, new diamond growth was obtained. * Both new^ diamond 
and graphite V7ere produced during the vapor deposition growth proc- 
ess. The graphite formed during deposition vjas selectively removed 
by reaction with hydrogen at approximately 1033°- C and 50 atm. Cum- 
ulative weight increases as high as 23.7 percent were obtained by 
2 

H. Will after nine deposition and hydrogen cleaning cycles. 

Diamond is an insulator at room temperature due to the rela- 
tively large intrinsic conduction energy gap of approximately 5.6 eV 

4 

between the valence and conduction bands. Semiconducting diamond 
call be obtained by introducing appropriate impurities, e.g., boron, 
into the -diamond lattice. The doped diamond wil] then exhibit 
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semiconducting properties similar to doped germanium oi silicon . 
the impurity could be introduced during the epitaxial growth of diam- 
ond by, .vapor deposition, it should be possible to produce controlled 

impurity” semiconducting diamond. 

Since diamond growth by vapor phase deposition had been demon- 
strated, the incorporation of the desired dopant in the reacting gas 
mixture above the bed of diamond seed crystals at the conditions 
kno’iTO to- favor diamond growth appeared to be the most direct method 
of obtaining semiconducting diamond by vapor deposition. As was the 
case for epitaxial diamond grovjth, the spontaneous heterogeneous 
nucleation of graphite on the diamond seed crystals from the super- 
saturated vapor phase will occur during boron doping experiments 
-using methane-diborane mixtures. . However, if both the carbon atoms 
and the boron atoms on the diamond surface have high mobilities, 
they may be incorporated as new diamond growth before nuclei at sta- 
ble phases are' formed. Eventually, all active sites on the diamond 
seed crystals may be exhausted and new grovjth may terminate. 

Since the energy gap of diamond is relatively large, semiconduct- 

i 

ing diamond produced by boron doping- may be used to develop high tern- 
perature devices. The applications for devices capable of high tem- 
. perature operation are numerous. The incorporation of semiconducting 
diamond devices in spacecraft or missile electronics, for instance, 
could result in increased payload and reliability. 



1.2 Classification o£ Diamonds 


Diaraonds are usually classified as type I or type II based on 

5 

differences in their ultraviolet ■ and infrared absorptxon spectra. 

Type L dianionds exhibit an absorption edge at 3300 A with absorptxon 
increasing rapidly at smaller wavelengths. Type I diamonds are also 

characterized by an absorption peak at 7.8 p corresponding to the 

presence of nitrogen present as an impurity in concentrations up to 

-0.23 percent.*^ Type II diamonds exhibit a sharp absorption edge at 

2200 A and do. not show the nitrogen absorption peak at 7,8 p. Type 

7 

II diaihonds are classified further as type Ila and lib. The t 3 ’pe 
Ila diamonds are non-conducting, whereas the tj^pe Ilb diamonds show 
conductivity and phosphorescence effects not found in type lla dxa- 
monds. ’It is the type lib diamonds that are of primary interest wxth 
regard to this -investigation, especially those that have teen produce 

by boron doping. 


Synthesis, and Properties of Type li b Diamond_ 

Naturally occurring semiconducting diamonds, type lib, were fxrst 
described by Custers.^ They are p-typa semiconductors with conduction 
activation energies from 0.29 to 0.38 eV, carrier concentrations of 
approximately 2X10^^/cm^, and carrier mobilities from 1000 to 1600 

In contrast to ndn-conducting diamonds having re- 

slstlvitles of approximately 10^^ to ol»-cm. type lib diamonds 

exhibit resistivities from 25 to 10^“ ohm-cm. The existence of nacu- 
ral type lib diamonds generated a considerable amount of interest in 
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artificial production of semiconducting diamond. Several metnocis 
have been used previously to produce man-made semiconducting diamonds 
including: the introduction- of the desired dopant during the growth 

of diamond at high pressure and high temperature; diffusion of the 
dopant into an existing, non-conductive diamond crystal; and ion bom- 
bardment. 

Measurements made by E. Lightowlers and A. Collins on aluminum 
doped and boron doped synthetic semiconducting diamonds initiall3^ indi- 
cated chat aluminum was the acceptor center responsible for the semi- 
conducting properties in both aluminum and boron doped diamonds. How- 

17 

ever, a subsequent investigation by A. Collins and A. Williams has 
shown that the t acceptor -in the semiconducting diamonds investigated is 
not aluminum since the aluminum concentrations vjere shown to be much 
less than the concentration of acceptor centers. It was therefore con- 
cluded that boron was the acceptor center responsible for the semicon- 
ducting properties of all natural and synchetic diamond available at 
the present time. Presumably, the boron is incorporated substitu- 
tionally into the diamond lattice and since it has only three valence 
electrons, it results in a hole (acceptor site). Aluminum is currently 
thought to be a "getter" for nitrogen in synthetic semiconducting dia- 
monds and once the nitrogen is removed traces of acceptor impurity 

r 

will result in semiconducting diamond. The aluminum does not appear 
to be electrically or optically active and is probably present as in- 
clusions or in interstitial lattice positions. 
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In view of the recent study by A. Collins and A. VJilliains,^^ the 
reported production of semiconducting diamonds vjith active aluminum 
acceptor center's by. the methods described below appears questionable. 

A. Growth Method'^ ^*^^ 

This method of incorporating a dopant material into the diamond 
lattice is somewhat similar to the doping procedures used in the 
preparation of conventional silicon or germanium semiconductors with 
the primary difference being that diamond is grown from a molten 
transition metal catalyst system. The production of semiconducting 
diamond by the grov?th method is accomp.lished by incorporating the de- 
sired impurity in the graphite and catalyst mixture. The graphite 
charge is then heated to temperatures from 1400*^ to 1600° C at ap- 
proximately 57j000 atm. The temperature and pressure used are varied 
slightly to account for the particular composition of the catalyst 
system. 

In 1962 j Wentorf and Bovenkerk^^ reported the growth of pi-type 

semiconducting diamonds at high temperatures and pressures. Small 

quantities of the aluminum, beryllium, or boron impurity were incor- 
■> i 

porated in a mixture of graphite and a suitable catalyst and them ex- 
posed to diamond forming temperatures and pressures. The resulting 
diamond crystals were found to have low resistivities and the crys- 
tals were verified as p-type by thermoelectric power measurements. 
Electrical resistiviti’’ for boron doped diamond was inversely relate^ 

to the concentration of boron with resistivities varying from 10 to 
5 \ 

10 ohm-cm. The color of the boron doped diamonds was also a function 
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of the boron concentration. Those diamonds containing 0.1 percent 
boron were deep bluCj while lower boron concentrations resulted in 
less intense color or even colorless diamonds.' Diamonds grotm in- 
corporating aluminum or beryllium as the impurity in the graphite 
charge resulted in colorless or pale yellow-green crystals. Con- 
duction activation energy for boron doped diamond crystals was 0.17 
to 0.18 eV. The aluminum doped diamond showed an activation energy 
of 0.32 eV while the activation energy of ber 3 'llium doped diamonds 
ranged betvjeen 0.2 and 0.35 eV, Hall effect, carrier mobilities, 
and absorption spectra were not determined due to the small crystal 

size and electrical contact problems. 

12 

Huggins and Cannon also report the introduction of boron and 
aluminum impurities into diamond during the growth process by incor- 
porating the dopant in the graphite/transition metal catalyst reac- 

\ 

tion mixture. The diamonds grom during the high temperature and 
high pressure process were recovered by acid etching. The boron and 
aluminum doped diamonds ^jere electrical conductors with resistivities 

9 

from 50 to 5X10 ohra-cm. Electron spin resonance measurements made 
on the boron doped diamonds resulted in spectra for v^hich no explan- 
ation could be given. It was postulated that an electronic inter- 
action betvjeen boron and nickel from the catalj'st mixture resulted in 
a complex system which influenced the electron spin resonance spectra 


obtained. 
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B. Pif fusion Mel:hod ^^>^^ 

The diffusion method of producing p-Lype semiconducting diamond 
crystals is similar to the incorporation of impurities in the silicon 
or germanium lattice by diffusion. In this process, the required im- 
purity is placed in contact with diamonds and the mixture is then sub- 
jected to high temperature and pressure. 

Wentorf and Eovenkerk^^ determined tliat semiconducting diamonds 
could be produced by exposing diamond to boron carbide for ten min- 
utes at a pressure of 60,000 atm and temperatures from 1300° to 
2000° C. Resistivity of doped diamonds produced in this manner vjas 

reduced by six orders of magnitude. The doped diamonds were p~type 

4 

semiconductors \7ith resistivities of approximately 10 ohm~cm. and 
conduction activation energies from 0.02 to 0.05 eV. Diamonds that 
were Initially colorless before boron diffusion doping appeared gray 

i 12 

or bluish-gray after treatment. Huggins and Cannon prepared both 

boron and aluminum doped diamonds by the diffusion process. Boron 

and aluminum concentrations in the doped diamond were as high as 
21 3 

10 atoms/cra . The doping achieved in this process is limited to 
a thin external la3'er. The electron spin resonance curve for the 
boron doped diamond showed.no unpaired spins resulting from the 
diffusion process. > 

o T u 1 ^13,14,15 

C. Ion Bombardment 

The success in forming n- and p-type .semiconductors by .ion 
implantation of phosphorous, arsenic, boron, and galli-um in silicon 
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indicates that the ion implantation process miaht be also applied 
successfully to diamond. In this process the crystal to be doped is 
usually. subjected to bombardment by a high energy scream of impurity 
ions . 

13 

Wentorf and Darrow produced semiconducting surface layers on 
synthetic diamond crystals by ionic bombardment in an ionized gas 
flow discharge stream between electrodes maintained at a potential 
difference of 1500 to 2800 V. The type of ionized gas environment, 
rather than the electrode metal, appears to determine whether n- 
or p-type diamond layers are formed. Nitrogen or ‘argon environment 
resulted in n-type semiconducting layers, v?hile those exposed to a 
hydrogen environment during ion bombardment produced p-type layers. 

The average resistances of the diamond crystals decreased from ap- 

11 ' , 5 , 10 

proximately 10 ohms before bombardmsnc to about iO to iO ohms 

after treatment. In all cases the color of surface layer after bom- 
bardment was gray-brown. In most cases the thermoelectric power of 
the diamonds after ion bombardment was approximately 10 yV/ C ex- 
cept for helium or oxygen which resulred in thermoelectric power too 
small for sign determination. Elecrfon diffraction patterns indicate 
that the affected surface layers are somewhat amorphous and these sur- 
face layers are partly destroyed by heat treatment for about one hour 
at 300° to 400° C in air. 

Vavilov^^ el a.l doped natural diamonds with boron and lithium 
using tlie ion bombardment technique. The lithium doped diamond ex- 

. i 

hibited n-type conductivity, while diamond doped v?ith boron resulted 
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in p-type conductivity. Activation energies varied from 0.25 eV for 

the boron doped diamond to 0.29 eV for lithium doped diamond. Elec- 

12 15 

trical resistivities were reduced from 10 to 10 ohm-cm before ion 

’ 4 

bombardment to 5X10 ohm-cm after doping. 

Ion implantation of phosphorous and boron in non-conducting dia- 

■ 15 

mond macles has been recently described by Carlson, The implanta- 
tion ions were produced by r-f discharge in phosphine or boron tri- 
flouride. Annealing of the samples after ion bombardment had essen- 
tially no affect on the electrical picperties of the diamonds. Acti- 
vation energies of 0,17 to 0.34 eV were determined from the slope of 
the resistance versus reciprocal temperature curves. However, it was 
not possible to determine carrier mobilities since the Hall voltages 
were too small -to be measured (fsss than 10 ’iiV) on any of the im- 

planted macles. Mobilities were estimated at less than 10 em'^V sec 

2-1 -1 . 

in contrast to normal values or approx ima rely 1500 cm V sec for 
natural type Ilb semiconducting diamonds. The thermoelectric power 
measurements indicated that an n-type diamond surface layer having a 
Seebeck coefficient of about 10 pV/*^C was produced by ion bombard- 
ment experiments using phosphorcus, t.’hile no thermoelectric poxjer 
could be detected from the boron implantation studies. 



CHAPTER II 


CHEMICAL EQUILIBRIUM CALCULATIONS 

2«1 Chemical Equilibrium Computer Program 

Chemical equilibrium compositions for the C-H-B system were cal- 
culated in order to determine the conditions of temperature, pressure, 
and initial reaction mixture composition that vrould favor boron dopir^ 
during epitaxial diamond growth. Equilibrium compositions tvere deters 
mined by minimizing the total Gibbs free energy of the reacting sys- 

f 

terns. The computer program used for these calculations v/as ob- 

tained from NASA and is described in Appendix A. Equilibrium calcu- 
lations V7ere made over a wide range of pressure and temperatures for 
several initial concentrations of data are pre- 

sented in Tables A-2 through A-14 of Appendix A. 

2.2 Analysis of Equilibrium Data 

An analysis of the equilibrium compositions in Tables A-2 through 
A-14 indicated that except -at high temperatures and very lov? initial 
concentrations of B~H, in CH, , both boron and dxamond solid phases 
were always present. Graphite was excluded from the set of allowed 
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species. It was decided to make the initial doping runs under con- 
ditions. of temperature and pressure that were known to produce epi- 
taxial •'diamond growth. In this manner it would be theoretically ^ 
possible to introduce boron into the diamond lattice during epi- 
taxial growth of the diamond seed crystals rather than relying solely 
on the deposition of boron or a boron species on the diamond surface 
followed by diffusion of the surface boron into the diamond lattice. 
By attempting to dope the diamond seed crystals with boron concurrent 
with epitaxial diamond growth, it was postulated that the new diamond 
grovjth could possibly be uniformly doped. 

As can be seen from the data in Appendix A, the initial concen- 
tration of in CH, was not critical since two solid ‘phases 

2 6 4- 

were present- at equilibrium in most cases. The gas used in the boron 
doping experiments contained 0.83 percent by volume in 

Although the experimental doping apparatus \<!as designed such that the 
dopant gas could be diluted with other gases , it was decided to make 
initial doping runs with the undiluted mixture. The gas 

phase composition for the initial doping runs is given in Table A-4. 

I 

1 

Although the concentration of ^^^4 dopant gas mix- 
ture is considerably higher than the concentration to V7hich . 

the data in Table A-4 correspond, the gas phase composition still 
applies since two solid phases will also be present at the higher 
c.oncenrration. As discussed in Appendix A, the system has, 
therefore, only two degrees of freedom and for a given temperature 
and pressure the equilibrium gas phase composition is fixed. 



CliAPTER III 


PREPARATION OF DIAMOND FOR DOPING 
3.1 Acid Cleaning 

.The first step in preparing the diamond sample for boron doping 
was to clean the diamond in aqua regia at 90*^ C for one hour, after 
which the acid was decanted and discarded. Aqua regia was again 
added to the diamond and the sample rexTiained in the acid for an addi- 
tional 24 hours at room temperature. The aqua regia was again* de- 
canted and a mixture of 50 percent ahd~50 percent HP • was 

added to the sample. The diamond remained in the HNO^/KF mixture 
for 24 hours at room temperature. The acid V7as then discarded and 
.replaced with aqua regia. After an -additional 24 hours, the aqua 
regia was decanted and the diamond was rinsed three times with dis- 
tilled water. The sample was centrifuged between rinsings to insure 
removal of most of the distilled water. Three acetone rinses fol- 
lowed in order to facilitate drying of the sample. This cleaning 
procedure was used to remove metallic and oxide impurities present 
in the original diamond sample as provided by the diamond vendor. 
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3.2 Hydrogen CleaainK 

The acid cleaning described above was followed by hydrogen clean- 
ing. Although the hydrogen cleaning was performed on all diamond sam- 
ples prior to doping runs, its primary use was to remove graphite de- 
posited on the diamond during each doping run. In order to clean the 
diamond, the sample was exposed to hydrogen at 52 atmospheres and 
1040° C for 7 hours. 

The reaction rates of diamond and graphite with hydrogen have 

22 23 

been determined by W. Stanko. ’ The following equations define 
these rates : 

12 

Pg exp [-85, 000/RT]P (3.1) 

Rd = 1.26X10^ exp[-115,800/RT]P^-^^^ (3.2) 

where : 

Rg = reaction rate of graphite with hj’^diogen, g moles/g minute 
Rd = reaction rate of diamond with hydrogen, g moles/g minute 
R = universal gas constant, cal/g mole, °R 
T = temperature, °K 
P = pressure, atm 

At the conditions used for hydrogen cleaning the diamond, the reaction 
rate of hydrogen with diamond is approximately three orders of magni- 
ture less than the reaction rate of hydrogen with graphite. It is this 
large difference in reaction rates that perrai ts selective removal of 
graphite ■ from diamond with very small loss of the diamond sample. 



The combinations of temperature, pressure, and reaction time 
vjhich result in removal of 99.-99 percent of the graphite present on 
the diamond are given in Figure 3.1, From this figure, it can be 
seen that under the conditions used for hydrogen cleaning the dia- 
mond samples for the doping runs; i.e,, 52 atmospheres and 1040 C 
approximately six hours are required for, 99. 99 percent graphite re 
moval. .During the time required for removing this graphite from 
the diamond sample, approximately 0.3 percent of the diamond is 
lost . 

A schematic of the apparatus used for hydrogen cleaning is 
shown. in Figure 3.2. This is basically the same apparatus as was 
.used -by H. Will^ and W. Stanlco.^^’^^ The detailed cleaning 

procedure is given in Appendix B._ The procedure consisted basi-/ 
tally of placing the sample to be cleaned' inside the Hastelloy-X 
tube portion of the resistance furnace, evacuating the system to 
10 microns, pressurizing the system with hydrogen to 750 psig and 
maintaining the furnace at lO^iO^ C for 7 hours while supplying a 
hydrogen flow of approximately 6 cm per minute during the clean- 
ing period. The Hastelloy-X tube was designed to operate at pres- 
sures up to 100 atm and temperatures as high as 1100° C. Although 
It was operated at less severe conditions during these hydrogeir 
cleanings, the oxidataon problem at these temperatures reduced the 
wall thickness to such an extent that the tubs had to be replaced 
during the course of this study. The details of the Hastclloy-X 
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tube reacticii chamber, as installed in the resistance furnace, are 
sho^m in Figure 33. The tube was a three-foot section of txro-inch ' 
diameter Hastelloy-X rod in xjhich a 11/16-inch hole had been bored 
axially. The sample test tube was placed in the middle of the cen- 
tral cavity in the tube. High pressure stainless steel hose con- 
nections were made at each end of the Cube, and a thermocouple fit- 
ting was provided at the downstream end of the tube; The thermo- 
couple was positioned such that it was approximately one centimeter 
downstream of the sample, 

3.3 Weighing 

After" acid and hydrogen cleaning", the diamond sample was 
weighed. Since moisture is adsorbed readily, on the diamond powder 
and since the surface area of the powder was large, approximately 
12 square meters per gram. It was necessary to weigh the sample in 
a' controlled atmosphere. The sample to be weighed was placed in a 
sample chamber and then placed in a weighing test tube. The sample 
chamber and weighing test tube are shewn in Figure 3,4. The sample 
chamber and weighing test tube are then evacuated and refilled with 
dry air that has been passed through a bed of CaCl2« The stopper . 
is then placed on the weighing test tube and all vyelghings are made 
with the sample chamber inside the stoppered weighing test tube. 

The' weighing is then done on an analytical balance which could be 
read ro the nearest 0.1 mg. The interior of the balance contained 
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CaCl^ in order to inaintaiir a dry air atmosphere. Readings were 
taken every ten minutes until two consecutive readings were equal 
with in. O', 1 mg. 




0-20 CC/MIN 



OTHERWISE SPECIFIED 


Figure 3, 2. Flow diagram of apparatus for cleaning diamonds with high pressure hydrogen. 
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Figure' 3, 4 . 
.test tube. 
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Photograph of sample chamber and stoppered 



CHAPTER IV 


DIAl'IOND DOPING SYSTEM AND PROCEDURE 
A.l The Doping Gas Mixture 

A mixture of diboraiie in ms thane was used as the doping gas. The 
diborane/methane mixture was obtained from the Matheson Company and 
the chemical analysis of the mixture is given in Table A.l. The di- 
borane content was 0.83 volume percent. The primary impurities were 
ethane, carbon dioxide, propylene, hydrogen, nitrogen, and pentane 
with contents of 0.62, 0.12, 0.05, 0.03, 0.02, and 0.02 percent, re- 
spectively. The balance of the mixture was methane. 

4.2 The Doping System 

The system used for diamond doping is basically the same as that 
used by H. Will^ for diamond deposition experiments. The major dif- 
ferences arise due to the problems associated with handling diborane. 
A schematic representation of the system is shown in Figure 4.1. A 
photograph of the deposition furnace is shown in Figure 4.2. Since 
this system was originally designed for epitaxial growth of diamond 
and the pressure required to optimise the growth process with various 
reacting gas systems had not been established, most of the apparatus 
\ja.s constructed of stainless steel to allow operation at pressures 
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]ess than or greater than atmospheric. The high Lemperixture portions 
of the doping system were quartz. 

Due' to the toxicity of diboranCj the entire doping apparatus was 
contained either in a hood or inside a plexiglass extension to the 
hood. The flow metering system, vacuum system, and deposition furnace 
were Isolated from the main area of the laboratory by the plexiglass 
enclosure. Thus, diborane from any leaks or accidental breakage of 
the glass section of the doping apparatus would be safelj’' vented to 
the hood exhaust system. 

The diborane/methane mixture flowed from a compressed gas bottle 
through either a rotameter or mass flow meter and then through a flow 
orifice. A manostat maintained a constant pressure across the orifice 
and thus provided a constant flow to the gas mixing column. At this 
point the diborane/methane could be mixed with another gas such as 

1 

hydrogen. However, the best diamond growth rates achieved by H. Will 
were obtained with pure methane and it was found that dilution of the 
methane by hydrogen either decreased the growth rate, stopped it com- 
pletely, or in many cases actually caused a weight loss of the diamond 
during the deposition process. Since the diborane dopant gas was pre- 
mixed with methane, it was not necessary to use two separate feed sys- 
tems for the diamond doping runs. After passing through the gas mix- 
ing column and a rotameter in the low pressure portion of the system, 
the diborane/methane mixture floX'jed into the quartz vacuum chamber. 

The details of the vacuum chamber are shown in Figure 4.3. The gas 
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flowed over the diamond powder in the sample chamber and exited 
through the mouth of the quartztest tube as showni in Figure 4.4. 

The gas was then exhausted through an oil diffusion pump. Before the 
gas was" released to the hood exhaust system^ it passed through a watt,r 
scrubber to remove any unreacted diborane by converting it to boric 
acid. 

The system pressure was set by adjusting needle valve 15. The 
pressure upstream or downstream of the quartz vacuum chamber was meas- 
ured by a magnevac gage. The diamond was maintained at the required 
doping- temperature with an electrical resistance furnace. A phoco- 
graph of the furnace and the quartz vacuum chamber is shovm in Fig- 
ure 4.2, A reasonably flat furnace profile was obtained by adjusting 
the resistance across electrical shunt taps along the furnace length. 
The profile achieved is shov?n in Figure 4,5. Approximately lourteen 
inches in the center of the furnace was maintained at the required 
deposition temperature. The temperature of the diamond crystals was 
controlled with a Barber Coleman proportional band controller which 
maintained the temperature within ^P"-^ 

4.3 Doping Procedure 

The doping procedure is similar to the diamond growth procedure 

t O 

used by H. Will with some alterations required due to the handling 

of a highly toxic gas. The doping procedm e is summarized belov?: 

Clean all quartz portions of the system in a sodium 
dichroraate/sulf ur ic acid glass cleaning solution. 
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2. ' Clean and weigh the diamond sample as described in Chapter 
, III, Preparation of Diamond for Doping, 

3. With bypass valves 12 and 13 open, install the sample chaiuber 
in the quartz vacuum chamber, 

4. Connect the sample chamber and vacuum chamber to the flow 
tem, slowly evacuate the sj'stem through valve 15 vjith the 
mechanical pump and then close valve 15. 

5. Open valve 14 and evacuate the flow^ system back to valve 10. 

6., Close valve 14 and open and then close valve 10 after filling 
the gas mixing column with the diborane/me thane mixture. 

7 . Repeat steps 5 and 6 twice in order to eliminate all air from 
the flow system between valves 5, 10, 11, and 14. (The 
portion of the flow system from' valve 10 back to the 
diborane/methane tank is maintained at 10 psig with the 
diborane/methane gas mixture.) 

8. Open valve 15 and complete the final evacuation of the quartz 
vacuum chamber with the oil diffusion pump. 

9. Open valve 10 and adjust needle valve 11 to obtain the desired 
flow of diborane/methane gs.£ ovsr 'tlis diLsniond ssmpls* 
extremely important to assure that bypass valves 12 and 13 are 
open to preclude loss of diamond sample by entrainment in the 
d ibor ane/ meth an e flow,) 

10, Slide the furnace which should already be at 1050^ C over the 
quartz vacuum chamber such that the diamond sample is posi- 
tioned approximately 15 inches from the inlet end of the fur- 
nace and install the thermocouple in the thermocouple wall of 
the vacuum chamber. 

11, Close downstream bypass valve 13 in order to measure the pres- 
sure just upstream of the sample chamber during the run. 

12, Adjust valve 15 to set the required pressure- for the doping 
run at approximately 0.2 mm Hg. 

13, IHien the desired doping time,- approximately 20 hours, has 
elapsed, shut valves 10 and 11, open valves 13 and 15, and 
slide the furnace off the sample. 

14, Close valve 15 when the system has been evacuated, and turn 
off the oil diffusion pump. 
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15. Open valve 14 and evacuate the system back to Valves 5 and 3.C 
with the mechanical vacuum pump . 

16. Turn off the mechanical pump and open valve 16 to allow air 
to fill the system and then close valve 16. 

- . 1 

17. Turn on the mechanical vacuum pump and repeat ’steps 15 and 

16 twice thereby reducing the concentration of diborane in 
this section of the flow system to a level and then 

open valve 16, 

18. Crack valve 11 to slowly fill the quartz vacuum chamber \?ith 
. air and then close valves 11 and 14. 

19. Crack valve 15 and after slowly evacuating the quartz vacuum 
chamber close valve 15, 

20. Repeat steps 18 and 19 twice to reduce the diborane concen- 
tration in the quartz vacuum chamber to a safe level. 

21. Remove the diamond sample from the vacuum chamber and hydro- 
gen clean and weigh the sample as described in Preparation 
of Diamond for Doping. 

22. Repeat steps 3 to 21 until the desired diamond weight gain 
is obtained. 




Figure 4, i. Flow system, for boron doping of diamond. 
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Figure 4, 4. Etetails of diamond sample chamber. 
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Diamond 



Figure 4. 5. Temperature profile of the resistance furnace used in 
the deposition apparatus. 
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TABLE 4.1 

Compos of Gas Used for- Diamond Doping 

■ 0.83% diborane 
0.62% ethane 
0.0013% tetraborane 
1200 PPM carbon dioxide 
540 PPM propane 
300 PPM hydrogen 
210 PPM nitrogen 
200 PPM butane 
<20 PPM argon 
<10 PPM oxygen 
<4 PPM pentaborane 
balance methane 

Q 

Percentages are volume (mole) percent 



CHAPTER V 


DIAPiOND DOPING EXPERIMENTS 

5.1 Experimental Conditions 

2 

Based on the results of H. Will for the low pressure epitaxial 
growth of diamond, the best diamond grovjth rates are obtained with 
pure methane at pressures below 1 Torr and a temperatute of approxi- 
mately 1050° C. The eloping runs Xij'ere performed under the conditions 

of temperature' and pressure which produced the best diamond growth 

2 

rates during the initial work of H, Will . Instead of methane, how- 
ever, the doping runs were performed v?ith .either a mixture of diborane 
in methane or diborane in hydrogen. The doping temperature was lim- 
ited to 1050° C because of the resistance furnace temperature limita- 
tion. A pressure of approximately 0.20 Torr was used for all doping 
runs. The duration of each doping was approximately 20 hours. 

5.2 Results of Doping Experiments 

The pertinent information regarding the various series of doping 
runs is given in Table 5.1. Seven different samples were included in 
the doping runs. Samples IB and 7 were obtained from KAY Industrial 
Diamond, whereas, samples 6B, 8A, 9 and 10 were obtained froit Diamond 
Abrasives Corporation. The preceding diamond samples were 0-1 
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micron nominal size natural diamond powders. Sample 11 was a natural 

24 

diamond made obtained from the Van Itallie Corporation. The gase- 
ous mixtm'e of 0.83 percent ^211^ by volume in methane was used for 
the 'doping runs on all samples except samples 9 and 10. The exact 
composition of the ^^4 ’ ™'j-^‘ture is given in Table 4.1. A 

one percent mixture of B 2 Hg in H 2 was used for the doping runs on 
samples 9 and 10. The graphite deposited on the diamond samples dur- 
ing each doping run was removed by hydrogen cleaning except for the 

graphite formed on sample 11 which was removed with a HNO„/H„SO, 

3 2 4 

mixture . 

The first series of doping runs were made on samples IB. The 
initial sample weight was 0.3306g. The run times varied from 16 to 
27 hours and the pressure varied from 0.17_to_0.20 Torr for the vari- 
ous runs. The percent weight increases varied from 2,03 to 3.39 with 
a cumulative weight increase of 12.89 percent for the five runs. The 
growth rate dropped from approximately 3 percent for each of the 
first two doping runs on sample IB to slightly over 2 percent on the 
last three doping runs. After each hydrogen cleaning run, the color 
of the sample turned progressively gtayer until by the end of the 
fifth doping run it was a very dark gray. A spectrographic analysis 

25 

by Crobaugh Laboratories, .indicated that there was a considerable 
amount of tungsten contamination of the original s'ample and this 
impurity had obviously not been completely removed during the acid • 
cleaning steps before the doping runs. The original diamond sample 
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had a dark gray color indicating a hij^gh level of impurity and even 

/ 

after acid cleaning and h^’drogen cleaning in preparation for the dop- 
ing runs on this sample it still remained the same color. Normally 

\ 

I 

the diamond would be almost white after these cleaning operations. 

The continual darkening of the diamond surface after each hydrogen 

cleaning was therefore attributed to the reduction of a tungsten or 

other metal compound on the diamond surface during the hydrogen 

cleaning operation. This darkening of diamond samples having high 

2 

tungsten contents was also noted by H. Will.. Due to the high im- 
purity content no further runs were made on this batch of diamond 
from KA.2 Industrial Diamond. 

c 

Sample 613 was prepared from a batch of 0 - 1 micron natural dia- 
mond obtained from Diamond Abrasives Corporation. This batch of dia- 
mond appeared considerably cleaner than that purchased from KAY In- 
dustrial Diamond. After ‘acid cleaning and hydrogen cleaning, this 
sample had only a slight off-white color. The doping run times 
ranged from 17 to 44 hours oh this sample at pressures from 0.18 to 
0.22 Torr. The percent weight increases decreased from 4.57 percent 
during the first doping run to a weight loss of 0.10 percent during 
the last run. A total weight gain of 9.86 percent was obtained on 
this sample. This diainon'd sample turned light blue after the first 
doping run and the blue color became more intense with succeeding 
runs. With the exception of the fourth doping run on sample 6B, 
there was a definite decrease in grov?th rates from one doping run to 
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anotb&r. Since the growth rate became negative on the sixth doping 

run, it was not possible to obtaiii a cumulative \;eight gain of more 

than 9.86 percent on this sample. Although apparent to some extent 

' . 2 . 

during the epitaxial diamond growth experiments of H. Will, this 
growth rate trend was not nearly as pronounced and a cumulative 
V 7 eight Increase of over twenty percent was readily obtained with a 
growth rate of two percent during the final deposition. Sample 6B 
was used for most of the tests described in the next chapter to de- 
termine the various properties of the doped diamond, 

A second diamond batch vjas obtained from KAY Industrial Dia- 
mond. Sample 7 was obtained from this batch which was considerably 
cleaner than the first batch from which sample IB was obtained. 

Four doping. runs were made on sample 7. However, there were losses 
in the diamond sample during removal from, the hydrogen cleaning fur- 
nace after the third doping run and during removal of the sample test 
tube from the quart? vacuum chamber during the fourth deposition. 

Run times and pressures were approximately the same as for the two 

previous diamond samples. A total of only 2.73 percent TJeight gain 

1 

for the first two doping runs was measurable because of the sample 
losses during the last two runs. The blue color observed in the pre- 
ceding sample was also visible in this sample after the first doping 
and cleaning sequence. Sample 7 was not used in any of the tests de- 
scribed in the next chapter since the sample test tube broke during 
hydrogen cleaning and some small pieces of quartz fell into the dia- 
mond sample. 
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Sample 8A was another sample of natural diamond supplied by 
Diamond Abrasive Corporation. A larger sample was used for this, 
series of doping runs in order to have enough diamond for an accu- 
rate density measurement after obtaining the maximum weight increase 
, possible before the grox^th rates dropped to zero, Six doping runs 
v?ere made on this sample x^ith run times from 20 to 23 hours and 
pressures from 0.19 to 0.22 Torr. A cumulative weight increase of 
8.67 percent xiras obtained on sample 8A, Again j the groxjth rate after 
remaining essentially constant at about txi70 percent ,for the first two 
doping runs, decreased markedly to about 0.5 percent by the sixth run. 
- Since- the groxcth rate x<>as so small during the sixth doping run, this 
series of doping runs X7as terminated at this point rather than risking 
the loss of the sample during additional runs x-?hich x-jould have con- 
tributed very little to the total xveigbt gain. This sample also ex- 
hibited the same characteristic blue color, as samples 6B and 7, The 
blue color x-/as clearly visible after the first doping run. 

Sample 9 xxras also diamond supplied by Diamond Abrasives Corpor- 
ation. Hoxv'ever, instead of the doping mixture that had 

been used for all. previous doping runs, a one percent in hydro- 

gen gas mixture was used for this doping run. A run time of 22 hours 
at a pressure of 0.19 Torr- resulted in a x-;eight loss of 2,8^t percent. 
Another doping run x-7ith the mixture x-7as made on sample 10. ■ 

The run time in this case x-7as 123 hours. A x^eight loss of 3.27 per- 
cent occurred. Neither sample 9 nor 10 exhibited any trace of blue 

color after the doping runs using the mixture. 

, . Z o z , 



One doping run of 21 hours was made on sample 11, a 0,S37g - 

patural diamond made, using the mixture. The made was 

large enough to allow surface resistivity measurements to be made be- 
fore and after doping. There was no measurable weight change -of the 
diamond after doping. The graphite that had deposited on the diamond 
during this doping run was removed by placing the diamond in a solu- 
tion consisting of one part HNO^ to three parts H^SO^, Since no 

weight gain was measurable, acid removal of graphite was used in this 

case because ‘the normal hydrogen cleaning of the diamond removes ap- 

2?’ 23 

proxiinately 0.3 percent of the diamond. ’ No color change in the 
clear diamond was observed after the graphite was removed. 

, , During ea'ch doping run a considerable amount of graphite was de- 
posited on the deposition apparatus, A small amount of boron vjas also 
deposited on the deposition apparatus at the entrance to the deposi- 
tion furnace. The graphite v?ad readily removed by heating the deposi- 
tion apparatus in air or by acid or hydrogen cleaning. The boron T?as 
removed with a nitric acid etch. There was no evidence of any other 
deposits such as boron carbide on the depos’ltion apparatus after the 
doping runs. 

5.3 Diamond Color Change During Doping Runs 

A distinct change in the color of the diamond sample was observed 
during doping runs on samples 6B, 7, 8A. The color changed from a 
gray or off-white to light blue during doping runs on these samples, 
Figure 5.1 is an enlargement made from a colored' slide showing the 
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color of sample 6B before doping and after six doping runs. The 
doped diamond is on the left and the bluish color of this sample is 
obvious-." Figure 5.^1 only shovjs the relative difference in color be- 
fore and after doping because the enlai'gement process has intensified 
the actual color somewhat since even the undoped sample on the right 
appears to have a bluish tint. Actually, -the undoped sample has a 
very light gray or off-white color while the doped sample is light 
blue. The blue color change was apparent on all doped samples after 
the first doping run. The color intensified slightly during addi- 
tional doping runs on each sample. A similar color change was not 
observed on sample IB (high level of tungsten contamination) , sam- 
ples 9 and 10 (doping attempted with hydrogen mixture) or 

sample 11 (diamond ■ made) . 

5.4 Kon-doping Run 

An additional diamond growth run was made during the course of 
'this work. This run was made on natural diamond powder with methane 
at a pres.sure somewhat less than O.Oi Torr, Since this run was not a 
doping experiment, it will not be discussed in detail here. A com- 

f i 

\ 

plete description of the low pressure epitaxial grovjth experiment is 
presented in Appendix C. 
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Figure 5. 1. Photograph of diamond before (righr) and 
after (left) six boron doping runs. 



TABLE 5.1 


RESULTS OF DIAI'IOND DOPING EXPERIMENTS 


Sample 

Weight 

g 

Run 

Run' Time 
hr 

Temp . 
°C 

Pressure 

Torr 

IB 

0.3306 

1 

22 

1050 

0.20 

IB 

,1856^ 

2 

22 

1050 

.17 

IB 

.1919 .. 

. 3 ' 

16 

1050 

.18 

IB 

.1958 

4- 

27 

1050 

.18 

IB 

.2000 

5 

21 

1050 

■ .20 

63 

.4117 

1 

23 

1050 

— .18 

6b 

.3700^ 

2 

44 

1050 

.20 

6B 

.3798 

3 

20 

1050 

.22 

6B 

. 3832 

4 

18 

1050 

.18 

6B 

.3882 

5 

17 

105Q 

.21 

6B 

.2069 

6 

18 

1050 

.19 

7 

.3399 

1 

21 . 

1050 

.18' 

7 

.2532^ 

2 

18 

1050 

.18 

7 

.2560 

3 

22 

1050 

,18 

7 

,2524 

4 

19' 

1050 

.18 

8A 

.4200 - 

1 

20 

1050 

.20 

8A 

.4291 

■ 2 

21 

1050 

.19 



Net Weight 

Increase 

Cumulative 

Gross Weight 

After K 

Cleaning 

Weight 

Increase 



Increase 

g 

mg 

percent 

percent 

0.0252 

0.0098 

2.96 

2,96 

.0191 

.0063 

3.39 

6.26 

.0145 

.0039 

2.03 

8.29 

.0167 

.0042 

2.15 

10.44 

.0182 

.0049 

2.45 

12 ‘.89 

.0409 

.0188 

4.57 

4.57 

.0631 

.0098 

2,65 

7,22 

.0349 

.003^ 

,90 

8.12 

.0270 

.0050 

1.30 

9.42 

.0290 

.0021 

.54 

■ 9.96 

.0161 

-.0002 

-.10 

• 9.86 

,0301 

.0060 

1.62 

1.62 

,0227 

.0028, 

1.11 

2.73 

.0185 

0 

— 

— 

.0203 

c 

— 

-- — 

.0332 

.0091 

2.17 

2.17 

.0383 

.0100 

2.33 

4.50 



TABLE 5.1 “ Continued 








Net Weight 

Increase 

Cumulative 

Sample 

Weight 

Run Run Time 

Temp. 

Pressure 

Gross Weight 

After 

Cleaning 

Weight 


<y 

o 

hr 


Torr 

Increase 



Increase 






S 

mg 

percent 

percent 

8A . 

0.4391' 

3 21 

1050 

0.22 

0.0459 

0.0083 

1.89 

6.39 

SA 

. 4474 

4 23 

1050 

.19 

.0386 

.0045 

1.00 

7,39 

8A 

-4519 

5 20 

1050 

.19 

.0348 

.0035 

.77 

8.16 

8A 

.4554 

6 20 

1050 

,19 

.0282 

.0023 

.51 

8-67 

9 • 

.1973 

1® 22 

1050 

.19 

' -.0007 

-.0056 

-2.84 

-2,84 

10 

.5135 

123 

1050 

.20 

-.0053 

-,0168 

-3-27 

-3.27 

11® 

.0937 

1 21 

1050 

.21 

0 

0^ 

0 

• 0 


^Some sample removed for other tests- 

^Some diamond lost during removal from cleaning furnace. 

'“Some diamond lost during the doping run due to gas entrainment.' 
*^One percent hydrogen used for this run. 

Diamond made used in this run. 

■^Diamond made cleaned in 1 part red fuming HNO^, 3 parts H2S0^. 



CHAPTER VI 

EXPERIMENTAL ANALYSIS OF DOPED DIAl-IOND 
6,1 Chemical Etching Tests 

Several chemical etching tests were run on diamond sample 6B 
which had under'gone six. doping and hydrogen cleaning cycles. Samples 
of this diamond were placed in aqua regia, nitric acid, and hydro- 
fluoric acid in order to remove probably impurities that could he re- 
sponsible for the blue color of the doped diamond. 

A small -sampie of the doped diamond was placed in aqua regia for 
18 hours and hydrofluoric acid for 4 hours at room temperature. There 
was no visible change in either the blue color or its intensity of the 
doped diamond. Another sample was placed in aqua regia at 90*^ C for 
one hour. There was no change in -the color of the diamond sample. 
Samples were also placed in concentrated nitric' acid for a period of 
48 hours at room temperature, and in fused alkali at 450° C for 30 
minutes. No change in the doped diamond sample color was obser\'ed 
in an}' of these tests and no weight losses were detected during the 
aqua regia, hydrofluoric acid, and fused alkali etches. These etches 
would have removed any surface impurity soluble in aqua regia, nitric 
acid, or fused alkali. Since boron is soluble in nitric acid, it is 
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concluded that the blue color exhibited by the doped diamond is not 
attributable to deposition of elemental boron. 

6.2 S'cannin^ Electron Microscopy 

In an attempt to determine if a detectable structural change 
occurs on the diamond surface during the doping process, a scar.-iing 
electron microscope was used to obtain images of the diamond surj-ace 
before and after doping. Image formation with the scanning electron 
microscope differs from that of the conventional electron micrcscope 
inasmuch as the images are not formed directly by lenses but ra-ner 
from electrical signals from the specimen surface. In the scanning 
- electron microscope an impinging electron beam is scanned over rne 
sample surface resulting ^in the emission of secondary electrons which 
are accelerated to a collector and amplified. The sample image is 
displayed on a synchronously scanned cathode ray tube based on the 
signals received from the secondary electron collector. Since the 
scanning electron microscope has a much larger depth of field than 
a conventional electron microscope, the diamond particles can be ob- 
served in three dimensions even at high magnification. 

A Japan Electron Optics Laboratory Co,, Ltd., model JSM-2 scan- 
ning electron microscope was used to obtain the Polaroid photographs 
of the diamond samples shoxv’n in Figures 6.1 through 6.3. The samples 
\^ 7 ere prepared by electrically bonding "sintered" diamond pieces to 
the copper specimen electrodes with a conducting epoxy cement. Fig- 
ure 6,1 shows samples of doped (3 eft photograph) and undoped (right 



photograph) at 30,000X magnif icationj In ordar- to obtaiis' optiinuni 
resolution, both of these samples were shadowed with a gold-palladium 
alloy at the same time iii a rotating, tilting, vacuum shadow-ing appa- 


ratus. Each photograph corresponds to an area of about 3.3 microns 
square on the sample. Most of the particle siz^s appear to be less 
than 0.5 microns and have irregular shapes. Surface detail is not 
defined sufficiently for a comparison of surface characteristics be- 
fore and after doping. It was hoped that some clue could be found 
to explain the continuous growth rate decrease as the number of dop- 
ing runs increased. Unfortunately, the small size of’ the particles 
and resolution limit of the scanning electron microscope for these 
samples precluded the analj’sis of surface changes during doping. 

Since it should nor be necessary v;ich conducting specimens to 
evaporate a metallic coating on the surface, it V'?as decided to ob- 


tain photographs of unshadowed doped and undoped diamond samples to 
determine, if possible, a qualitative difference in conductivity of 
the two samples. The samples of doped and undoped diamond were 
mounted together on the same sample holder as shown in Figure 6.2. 

The undoped "sintered” chunk is at the lower right hand corner of the 
left photograph which has been magnified lOOX, The images are seen 


as if the observer were looking down the prlmar-y electron beam with 


the sample illuminated by a light from the direction o'f the collector, 
in this case from the right side. The photograph on the right is a 
500X magnification of the center portion of the previous photograph 
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•with the undoped diamond sample again to the righc of the doped 
sample- The magnification was then- increased to-30,000X and photo- 
graphs were taken individually of these two sintered pieces of doped 
and undoped diamond and the results are shov?n in Figure 6.3 As can 
be seen in Figure 6.3, the conductivity of the doped diamond is re- 
flected in the better resolution obtainable'in the photograph on the 
left. The photograph of the undoped sample is not sharp and the reso- 


lution is definitely not as good as for the doped sample. This is 
due to the fact that the undoped diamond is basically a non- 
conducting material,* and the impinging electrons are not readily con- 
ducted away from the surface. Thus, additional electrons accumulate 
on the surface and tend to deflect the scanning electron beam and the 


image loses detail. Ko matter how much cafe was 


to focus the 


image, it was impossible to obtain any impiovement in detail over 
that shown for the undoped diamond sample in Figure 6.3. So, although 
the scanning electron microscopy failed to show sufficient detail for 
an analysis of the observed decrease in growth rate as the ntimher of 


doping runs increased on a sample, it did result in a qualitative 
demonstration of the superior conductivity of the doped diamond sani 
pie compared with the undoped sainple. 


6.3 X-Ray Diffraction 

A Debye- Scherrer powder camet-a was used to obtain X-ray dif- 
fraction patterns of diamond samples before and after doping. The 
powder method v?as necessary since the diamond samples used in the 
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doping runs were extremely fine grained crystalline aggregates of 
particles with individual particle sizes of less than one micron. 

The interplanar lattice spacings of undoped and doped samples vjere 
obtained to determine whether or not any noticeable changes had 
taken place during the doping process. 

The diffraction of X—rays bj’' a lattice array of atoms follows 
Bragg's law. The Bragg condition for in-phase scattering is given 
as 

nX ■= 2D sin 6 (6-1) 

where n is the order of diffraction, X is the X— ra)'' wavelength, d 
is the lattice spacing, and 0 is the glancing angle; i.e., the com- 
plement of the incidence angle. The patterns were obtained using a 
Debye-Scherrer powder camera in which the photographic film strip is 
held again.st tlie inside of a metal C5’linder and coaxially' encircles 
the sample. The collimated X-ray beam enters through the side of the 
C3’linder, is scattered by the sample, and impinges on the photo- 
graphic film along the directrices of a cone with a half angle of 20. 
The sample is rotated so that enough crystals participate in the re- 
flection to produce a continuous line on the film rather than a num- 
ber of discrete points along a circular arc. The interplanar lattice 
spacings are then readily calculated from the diffraction pattern re- 
corded on the strip of film as shown in Figure 6.4. Figure 6.4 is a 
contact print of the original photographic film and therefore the 
diffraction pattern appears as bright lines rather than the dark . 



].ines that formed the pattern on the original film. The X-ray beam 
entered through a hole in the left side of the film and, therefore, 
the small glancing angle reflections appear towards the right side of 
the fxlm. in order to intensify the diffraction lines of small 
amounts of impurities, exposure times of forty hours were used. A 
chromium target in the X-raj' tube provided a radiation wavelength of 

O 

2.2909 A and a vanadium filter covering half of the photogi-aphic 
film was used to eliminate reflections due to S radiation. 

Oalculated lattice spacings and the relative intensity of the 
associated diffraction line for the diamond sample before and after 
doping are given in Table 6.1. In addition to the two intense dia- 
mond lines v?ith calculated lattice spacings of 2.057 and 2.056 A for 
the 111 planes of the doped and undoped samples respectively and 
1.260 A for the 220 planes, other weak lines are also present indi- 
cating small quantities of Impurities either in the X-ray tube target 
material or in the diamond samples. Based on the results of the elec- 
tron diffraction studies in which no impurity lines were detected, 
the impurities observed in the X-ray diffraction studies are most 
likely present in the X-ray tube target material rather than in the 
diamond samples. Although- Si02 (low tridymite form) is listed as a 
possible impurity, the A. 08 A lattice spacing was not detected. 
However, this may be due to the fact that this line is the weakest of 
the first three lines given for SiO^. However, the important point 
to note is that no additional lines appeared after doping. Although 



some of the lines in the undoped sample were hot detected in the 

• / ■ 

doped sample, all the lines that were observed after doping were 
initially present in the undoped sample. Therefore, even if the 
additional lines come from the sample and not the target, the form- 
ation of a new crystalline phase during doping was not detected with 
X-ray diffraction. Nevertheless, a search of the 1969 Inorganic In-- 
dex to the Powder Diffraction File was pex-forraed to indicate what 
the possible Impurities might be. The possible impurities given in 
Table 6.1 are based on the lines present in the diamond sample be- 
fore doping- The apparent disappearance of some of the lines after 
doping may be due to decomposition or volatilisation during t.he 
deposition runs. Since some error exists in measuring the position 
of the diffraction lines, a value within ^0.015 A of the calculated 
lattice spacing was assumed to satisfy that lattice spacing. Th^s 
interval of 0.030 A centered ijn the measured spacing gave good . 
assurance that a possible impurity was not overlooked. Based on the 
calculated lattice spacings for the doped and undoped diamond sam- 
ples, the following species were among those not detected: B, B^C, 


B^O^, W, WC, Si, SiBg, Sic, Ni, Si^N^ and Fe, 


6.4 Electron Diffraction 

Electron diffraction can be used to supply information regarding 
surface structure of diamond crystals in much the same manner that 
X-ray diffraction methods give crystal structure for the bulk mate- 
rial. The adequacy of Bragg's equation for electron diffraction 
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studies has been verified by M. Ponte' among others who have shown 

♦ 

Bragg’s law to hold vrithin the experimental error of their results. 

The major difference is that the electron penetrates only the first 

29 ■ - ■ 

few hundred angstroms of the diamond sample because of the ease 

with which electrons are inelastically scattered and absorbed by the 

atoms of the crystal lattice and, thus, the surface structure will 

determine the electron diffraction pattern.. 

The xvavelength' to be used in applying Bragg's equation is that 

30 

proposed by.L. deBrcglie. Since the electron diffraction patterns 
were obtained with an electron microscope operating at a potential of 
100 KV, and since the velocitj" of 100 KV electrons is a considerable 
fraction of the speed of light, the wavelength associated with these 
electrons must be calculated using the relativistic relationship for 
electron mass and kinetic energy. The calculated wavelength of the 
100 KV electrons used in obtaining the electron diffraction patterns 
of diamond is 0.03700 A., The wavelength calculations are given in 
Appendix D. 

The diamond samples v?hich vrere used for electron diffraction 
tests were small powder agglomerates. Electron 'diffraction patterns 
of the doped and undoped diamond were obtained by positioning the 
diamond powder samples in a JEM-7A electron microscope such that the 
electron beam impinged at the outer edge of the sample. Thus, a re- 
flection diffraction pottern ^?as obtained and recorded on a photo- 
graphic plate. These patterns are actually Bragg powder patterns, 
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but since the electron wavelength is small, many additonal rings can 
be obtained with electron diffraction than with X-ray diffraction. 
The sample could not be rotated in the electron beam since the por- 
tion of the sample giving the clearest difiraction pattern was not 

1 

,in the center of the sample holder and thus inaccurate patterns 
would have been obtained. However, since the sample v;as a fine po\7- 
der, a sufficient number of crystals vjere aligned at the correct 
angle to give a Bragg reflection and the diffraction pattern could 
be accurately analyzed to determine lattice plane spacings even 
though some of the rings were comprised cnly of isolated points. 

Photographs of the electron diffraction patterns for diaimond 
samples before and after doping are shown in Figures 6.5 and 6.6. 

At least fourteen rings were clearly visible for each sample and 
the results of the calculation of lattice plane spacings are given 
in Tables 1.2 and 6.3 for undoped and doped diamond, respectively. 
The experimental lattice plane spacings for the doped and undoped 
sarap'les agree very well with theoretical lattice plane spacings for 
diamond. The observed and expected relative line intensities for 
doped and undoped diamond are also given in Tables 6.2 and 6.3. 

The observed relative intensities are qualitative observations ob- 
tained from visual examination of uhe diffraction powder patterns 

. 27 

on the photographic plates. The expected lJ.ne intensities are 
given for the five most intense lines of diamond. The observed 
relative line intensities for the doped- and undoped diamond sam- 
ples agree qualitacively with the expected values. ;No lines other 
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than those of diamond were found and the same lines appeared for the 
doped and undoped diamond diffraction patterns. The apparent extra 
line at a diffraction angle .of approximately 1.02 degrees is probably 
a second order reflection from the 113 plane. Within the experi- 
mental error it appears at just twice the angle observed for the pri- 
mary diffraction from the diamond (111) plane. 

The theoretical lattice plane spacings and relative line inten- 
27 

slties for boron carbide are given in Table 6.4, None of the boron 

carbide latti'ce spacings was observed in the electron diffraction 

patterns of doped or undoped diamond. The observed lattice spacings 

determined from X-ray powder patterns on a new allotropic form of 
31 32 

carbon ’• ar^e given in Table 6,5. This new form of carbon is re- 
ferred to as "white carbon" or "chaoite" and it has been suggested 
that this material may have a density close to that of diamond. The 
X-ray powder pattern data for this new form of carbon was therefore 
compared with lattice spacing data for diamond to determine if the 
observed weight gain during the doping runs could be attributed to 
this new solid phase. It is apparent from Tables 6.3 and 6.5 that 
none of the lattice spacings for "white carbon" was observed in the 
electron diffraction patterns of the diamond samp3.e that had under- 
gone six boron doping, runs. Since "white carbon" is. formed in the 
laboratory during subli.raation of pyrolytic graphite at 'a temperature 
of approximately 2550° K, it does not seem possible chat is could 
account for the weight increase in the diamond sample observed during 
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either the epitaxial diamond growth runs of H, Will^ or during these 

■4 

boron doping experiments. 

It is obvious that based on the results of the electron diffrac- 
tion study of doped and undoped diamond, the growth during doping 
cannot be attributed to deposition of boron carbide or any other 
crystalline solid other than diamond. Since the possibility of boron 
being incorporated in the diamond in a regular pattern during grovjth 
is remote, it would not be antici-pated that additional diffraction 
lines would be observed for boron in the doped diamond. 

6.5 Chemical Analysis of Doped and Undoped Diamond 

33 

Two samples of diamond were submitted to. Ledoux and Company 
for emission spectrochemical analysis. The results of this analysis 
are g.iven in Table 6»6. Sample 6-0 vjas diamond which had been acid 
cleaned but had not undergone any boron doping runs. The other 
sample, sample 6-6, was a portion of the acid cleaned sample that 
had undergone a total of six boron doping runs with an accumulated 
weight Increase of 9.86 percent. The results of the spectrographic 

analysis indicate that the percent boron in the diamond sample in- 

i I 

creased tenfold from 0.001 percent in the undoped diamond co 0.01 

percent after six doping runs. Silicon content also increased from 
0.006 percent before doping to 0.02 percent after the six doping 
runs. On the other hand, the concentration of phosphorous decreased 
from 0.005 percent to 0.0002 percent during the series of boron dop- 
ing runs. Wo other elements \jere detected by spectrographic analysis. 
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If it is assumed that the inctease in boron content i-s confined 

to the region represented by the 9.86 percent weight increase of the 

diamond sample, then the increase in boron content represents an 

\ 

average boron concentration of approximately 1010 ppm in the new 
diamond growth. This' result is based on the assumption that dif- 
fusion of the boron from the new growth layer iiito the original dia- 
mond seed crystal had not occurred during successive boron doping 
and hydrogen, cleaning c^'cles. Actually, the deposited boron most 
likely diffuses to some extent into the original seed crystal and if 
it is ‘assumed that the boron as di.str abuted unaformly throughout, the 
entire diamond sample after doping, then the average boron concen- 
tration V 70 uld be approximately 100 ppm. The boron concentration in 
the netf diamond growth is therefore probablj' intermediate becween the 
two calculated extremes of 1010 and J 00 ppm, 

The increase in silicon content after the boron doping runs may 
be attributable to the presence of gaseous silicon from the chemical 
dissociation of the quartz deposition apparatus. However, it is more 
likely the result of .silica particles in the diamond sample due either 
to mechanical abrasion between the diamond and the quartz diamond 
sample holder or to gradual devitrification of the sample holder dur- 
the extended time at temperatures in excess of 1030° C. It was ob- 
served that the structure of the quartz sample holder apparently 
changed over a period of time at doping and hydrogen cleaning temper- 
atures. The sample holder, which was initially c3 ear,, gradually ac- 
quired a frosted appearance and in time fiacture of the .sample holdci 



occurred due to thermal or mechanicali stresses. The frosted appear- 
ance was due primarily to an apparent roughening of the outer sur- 
face of the quartz sample holder. Weighings made before and after,^^ 
the complete sequence of boron doping and hydrogen cleaning cycles 
indicated that weight of the saiaple holder had decreased by approxi- 
marely 0.0062 g. This may be attributed primarily to mechanical ab- 
rasion batvjeen the rough outer surface of the holder and the inner 
surface of rhe Hastelloy X tube during insertion of the doped sam- 
ple into the hydrogen cleaning furnace after each boron dopiirg run. 
However, it is probable that the inner surface of the sample holder 
also experienced some roughening and therefore, mechanical abrasion 
by the diamond sample or by the metal spatula used to remove the 
doped diamond from the sample holder cculd be responsible for the 
observed -increase in silicon content. 

The decrease in phosphorous content during the boron doping 
runs would be expected due to, the high vapor pressure of phosphorous 
and phosphorous compounds at temperatures maintained during the boron 
doping and hydrogen cleaning runs. 

6.6 Density Heasurments 

3A 

The density of diamond at 25” G is given in the literature as 

^ * 3 

3,51477 to 3.51554 g/cni with an average density of 3,51532 g/cm 

for the thirty— five samples investigated. The theoretical density 

of diamond based on lattice constant data varies from 3.51407 to 
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3.51533 depending on rbe paruicula): vaine of the diamond lattice, 
constailt used in the calculation. 

Bot'on, boron carbide, boric oxide, and bcron nitride have den- 
sities^^ of 2.34 cc 2.37, 2.52, 2.45 to 2.47, and 2,25 g/cm^, re- 
spectively, Since a considerable difference in density exists be- 
tween these species and diamond, a density measurement on the doped 
sample can be used to deterininG if the cumulative weight increase 
during. the doping runs can be attributed solely to the deposition of 
the above species on the virgin diamond. The possibility of the 
weight increase being graphite is disciissed in reference 2 where 
chemical etching, density measurements. X-ray and electron diffrac- 
tion, microwave absorption, and electron spin resonance tests dem- 
onstrated that the growth was not graphite but new diamond. Theo- 
retical composite densities of the doped samples were calculated 
assuming that the 8.98 percent weight increase during doping was 
attributable to the deposition of the' boron species mentioned above. 
The resuits are given in Table 6.7. Although it has previously 

been demonstrated that the growth is not due to graphite deposi- 

2 ' 

tion, the theoretical composite density after depositicn assuming 
the weight increase during growth was due to graphite is also shoxm 
in Table 6.7 for comparison. The nheoretical composite densities 

3 

range from 3.049 to 3.395 g/cm assuming the weight increase during 
the doping runs due to low density graphite and boron carbide, re- 
spectively. Therefore, if density measurements on the doped samples 
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show thau the growth cannot be attributed to boron carbide growth, 

then the other boron species can also be eliminated since the density 

of boron carbide is greater than an}' of the other species. 

Theoretical composite densities, assuming that the weight in- 

1 

crease during growth v?as due to other than boron containing species, 

were also calculated. Theoretical diamond sample densities of 3.416, 

3 

3.486, and 3.508 g/cm were calculated assuming the w'eighL increase 
during doping could be attributed to quartz, silicon carbide, and 
silicon nitride, respectively. 

The density of the virgin diamond powder before doping and the 
density of the same diamond after six doping and hydrogen cleaning 
runs were measured, • The doped sample used for the density measure- 
ments had accumulared an 8.98 percent weight increase during doping. 
The density of the doped sample could then be compared to the density 
of the original diamond and to the theoretical coraposite densities 
given in Table 6,7. 

The experimental procedure used to determine the density of the 
undoped and doped diamond samples was basically the same as the pyc- 
nometer method described in reference 2. A knovm weight of diamond 

3 

was placed in a 2 cm pyrex pycnometer, the void volume of which had 

3 

been reduced to approximately 1 cm by the addition of pyrex beads 
in order to improve the accuracy of the measurements. The cover liq- 
uid in all cases was orthoxylene which had been boiled before each 
density measurement to remove any dissoJ.ved gases. Orthoxylene V 7 as 
chosen as the cover liquid because its density was, well knov 7 ii as a.. 
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function of temperature, it uetted the diamond vjeli and filled the 

/ 

voids readily, and it had a low volatility v;hich lended itself to 
this type of measurement. After it had been boiled, the cover liq- 
uid was transferred under vacuum to the pycnometer to prevent ab- 
sorption of gases during transfer, A vacuum v?as also maintained on 
the filled pycnometer until all air trapped in the diamond sample had 
been displaced, orthoxylene completel 3 ' filled all the voids, and 
bubble nucleation on the diamond powder had ceased. The pycnometer 
was filled to a precise level, maintained at that level, and weighed 
until a steady state condition was obtained, thus, ass.uring that the 
cover liquid had reached room temperature and any residual cover liq- 
uid on the outside of the pycnometer had evaporated. With the weight 
and density of the cover 'liquid required to fill the pycnometer con- 
taining the diamond sample, the known volume of the pj'cnometer , and 
rhe weight of the diamond, the i density of the sample V7as readily cal- 
culated. Corrections were made for the expansion of glass, the buoy- 
ancy affect of air on the brass weights, and the variation of the 
density of the cover liquid with temperature. 

Six density measurements were made on both the undoped diamond 
and the doped sample. The weight of diamond used was different for 
each run and the pycnometers used V7ere interchanged -to eliminate the 

I 

possibility of differences due solely to a variation in pycnom.eters . 

The data are showm in Table 6.8. The density measurements of the un- 

3 

doped diamond samples varied from 3.487 to 3.518 g/cm \;ith an 

3 

average density of, 3. 502 g/cin v?hcreas., rhe density, measurements of 
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3 

tliG doped samples gave values from 3.490 to 3.515 g/cro with an aver- 

. O 

age density of 3.504 g/cm for the six. determinations. The standard 
deviations for the measurements was 0,012 and 0,010, respectively, 
for the undoped and doped samples. It is therefore obvious that 
within the accuracy of these measurements the density of the diamond 
remains essentially unchanged by doping. The fact that the density 
of the virgin diamond is not exactly equal to the theoretical density 
based on lattice constants is probably due primarily to the fact that 
it is very difficult to eliminate ail trapped air pockets and small 
nucleated bubbles in the diamond sample when the cover liquid is 
added to the pycnometer. Defects and impurities in the diamond could 
"also contribute to the difference between the theoretical and experi- 
mental densities of the undoped diamond. The -important point, how- 
ever, is that there is essentially no difference in the measured den- 
sities of ‘the doped and undoped diamond samples. 

With the exception of silicon nitride, the Student's t- 
distribution can be used to show that the vzeight increase during dop- 
ing is not due to deposition of boron carbide or any of the other 
species in Table 6.9. The variable, ;t, is given in reference 4 as; 

I 

^ s 


where 

X is the mean density of the doped diamond samples 

p is the true density of the doped diamond 

S. is the standard deviation of the doped diamond samples 
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n is the number of samples 
n-1 is the degrees of freedom 

3 

Based on the mean density of 3.504 g/cm and a standard deviation of 

3 

0,010 g/cm ■ for the six densit}^ determinations on the doped diamond 

^ - I 

.sample, a single measurement of density uill therefore fall v?ithin 

3 

the range 3.492 to 3.516 g/cm with a confidence level of 95 percent. 

The density measurements indicate that the growth of diamond has 

occurred and that the weight increases can not be attributed to the 

formation of B, B.C, B.,0,., BN, SiO., or SiC. Silicon nitride, how- 
4 2 3 .2 

ever, .can not be eliminated on the basis of density measurements 

3 

alone since its density of 3,44 g/cBi is very close to that of dia- 
mond. The statistical analysis is conservative since no corrections 
have been made to account for the fact chat the experimental method 
for determining the density of diamond gives values slightiy lo^ei' 
than the known density. Presumably, the experimental densities for* 
the other species measured by this method would also be slightly 
lower than the theoretical values . 


6.7 Seebeck Coefficient 

l-Zhen a temperature gradient is applied across a semiconducting 
material, a difference in voltage is also induced across the mate- 
rial. The voltage developed is known as the Secbeck voltage and the 
proportionality constant between temperature differential and induced 
voltage is called the Seebeck coefficient. For small temperature 
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gradients across the sample, 


the elecitromotive force generated is 
/ 


pi'oportxoiial- to the temperature difference across the material. 

- 

Mathematically the relation is, 


S = 


^2 - ^r 


( 6 - 2 ) 


whei'e’ S is the Seebeck coefficient, VCT^,!^) is the induced elec- 
tromotive force, and is the applied temperature difference 

across the thermoelectric material. When the Seebeck coefficient of 
doped diamond was measured experimentally it v^as measured relative 
to a standard material, in this case copper, and the experimental 
Seebeck coefficient was 'therefore a relative Seebeck coefficient.' 

t 

The absolute Seebeck coefficient of the doped diamond can be deter- 
mined by subtracting the absolute Seebeck coefficient of copper from 

37 

the measured relative Seebeck coefficient of the doped diamond. 

! 

Thus. 


Sjj(T) = Sj^^(T) - S^(T) (6-3) 

vjhere S.^(T) and S (T) are the absolute Seebeck coefficients of the 
doped diamond and copper respectively, and Sj^^(T) is the relative 
Seebeck coefficient of diamond V7ith respect to copper. Since the 
absolute Seebeck coefficient of copper is less than 2yV/ C over 
the temperature range for v?hich the Seebeck coefficient was experi- 
mentally determined for doped diamond, the absolute and relative 
Seebeck coefficients are essentially equal and only the relative 
•Seebeck coefficients are presented. 
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The basic features of -the experimental apparatus used- to meas- 
ure the relative Seebeclc coefficient of the doped diamond and boron 
carbide- ‘powder samples are shov?n schematically in Figure 6.7. The 
samples were placed between two copper electrodes fabricated from a 
solid copper rod, A piece of copper tubing was brazed to the upper 
electrode in order to form a container for dry ice. Since the 
quantity of doped diamond samples was limited, the upper electrode 
was machined down to 1/4 inch diameter at the cold electrode-sample 
junction in order to preclude inadvertent direct contact of the two • 
electrodes during Seebeck coefficient measurements. The two elec- 
trodes and powder sample were placed in a teflon cylinder in order 
to insulate the apparatus from externally induced static charges. 

The weight of- the upper electrode on the powder sample Insured the 
thermal and electrical contact with the sample. Temperature gradi- 
ents across the sample were obtained by placing dry ice in the open 
end of the tube brazed to the upper (cold) electrode. The high 
thermal resistance of the powder sample provided an adequate tem- 
perature gradient to ‘be established across the sample for Seebeck 

l 

coefficient measurements. Cooling of the upper electrode with dry 

I 

ice rather than heating the lower electrode was chosen as the method 
of obtaining temperature gradients across the samples because early 
attempts to measure the Seebeck coefficient using an electrically 
heated hot plate to provide the required gradient proved unsatis- 
factory due to the fluctuating voltages induced by the surface of 
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the hot plate. The temperature gradient across the sample vjas slowly 
changed by incremental additions of dry ice and a steady ’state condi- 
tion was maintained while emf and temperature differences were raeas- 

uredr^ Inasmuch as the samples V7ere loose powders, it' was not possi- 

l 

1 

ble to obtain emf and temperature differences directly from the sam- 
ple and these iheasurements were therefore obtained from the two 
electrodes in direct contact with the samples. The temperatures 
near the junctions were measured with a Leeds and Northrup potenti- 
ometer using thermocouples that were electrically insulated from the 
copper electrodes with an insulating ceramic cement. The induced 
voltages across the sample were measured with Keithley model 610 
electrometer, with the positive lead from the electrometer attached 
to the cold electrode. 

The sign of the Seeheck coefficient can be used to determine 
whether the sample is n~type or p-type, If the material, is p-type, 
the average flux of positive holes from the hot junction is higher 
‘than that which is entering this region and thus there is a net 
flux of positive holes to the cooler junction. By convention, the 
sign of the Seebeck voltage is the sign of the cold junction. 

I 

Therefore, a positive Seebeck voltage indicates a p-type material. 

The experimental results for the Seebeck coefficient of doped 
diamond (one doping run, 4.97 percent vjeight ga5.n) are given in 
Table 6.9. The temperature of the cold junction was decreased from 
room temperature to -25.5 C by the addition of dry ice to the brazed 
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copper tubing section of the cold electrode. The "hot" junctxon 
temperature remained more nearly constant, decreasing only 12.8 C, 
thus, temperature differences as large as 35.5° C and Seebeck voltages 
as large as 0.0105 volts were obtained. Relative Seebeck coeffx- 
cients were calculated by dividing the measured Seebeck voltage by 
the temperature difference between the "hot" and cold junctions. 
Calculated values of the Seebeck coefficient for diamond which had 
undergone one doping run varied from 25A to 334 pV/ C with an aver 
age of 296 yV./°C for the 14 different measurements of Seebeck coef- 
ficient. The sign of the Seebeck voltage indicated that this diamond 

behaved as a p-type -material. 

The Seebeck coefficients for diam.ond which had undergone six 
"doping runs, (9.86 percent weight gain) are given in Table 6.10. The 
data were obtained over approximately the same range of temperature 
gradients as that for the sample which had only one doping run but 
the maximum Seebeck voltage measured was only 0.005 volts. The cor- 
responding relative Seebeck coefficients varied from a minimum of 86 
to a maximum -of 135 uV/°C. The average relative Seebeck coefficient 
for the 11 measurements was 120 pV/°C, considerably lower than the 
relative Seebeck coefficient of the less heavi3y doped diamond sam- 

, .-u f-i~o Sppherk voltage, this diamond sample 

pie. Based on the sign of tlie seeDecic vuicdb'=. 

is also a p-type material. 

The measured Seebeck coefficients of the boron doped diamond 
are probably somewhat low due to sample inhomogeneity and T.R volt- 
' age loss caused by circulating currents within the sample. 
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Table 6.11 gives the results of* the Seebeck coefficient of a 

sample ^of abrasive grade boron carbide obtained from the Carborundum 
39 . ^ 

Corporation. This matex'ial is also p— type based on the sign of the 
induced Seebeck voltage with an average -value of <48 yV/°C for the 
relative Seebeck coefficient based on five measurements on this sam- 
ple. This value of the Seebeck coefficient is considerably lower 
than that obtained for either of the two doped diamond samples, and 
it does not appear likely that boron carbide deposition on the dia- 
mond surface during doping could account for the measured Seebeck 
coefficients' of the doped diamond. V. Keshpor and V. Kitikin*^^^ have 
reported a p-type Seebeck coefficient of 216 ul?/°C for samples of 
boron carbide. The difference between this value and that for the 
abrasive grade boron carbide obtained from the Carborundum Corpora- 
tion is probably due to differences in sample^ porosity and chemical 
composition. The Russian samples contained excess boron and had 
densities very close to the theorecical density of boron carbide. 

The Carborundum Corporation samples were abrasive grade powders as 
were the diamond samples. 

An attempt was also made to measure the Seebeck coefficient of 
undoped diamond. However, the resistivity of the undoped diamond 
was so high that measurement of its Seebeck coefficient was impossi- 
ble. , 

Based- on the observed magnitude of the Seebeck coefficient of 
the doped diamond samples, it is apparent .that the diamond which had 
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undergone six doping runs was more heavily doped than that which had 
only been doped once, since the largest Seebeck coefficients are 
associated _with lpv7 carrier concentrations. Only the lower doping 
level, however, gives a Seebeck coefficient that is in the range that 
maximizes the figure of merit for a thermoelectric material, i.e., a 
Seebeck coefficient between 200 and 300 yV/°C. Since the concentra- 
tion of carriers that maximizes the figure of merit is approximately 

IS 21 3 '■ 

10 to 10 per cm depending on the effective mass of the car- 

41 . 

rier, the carrier concentration in the diamond sample that had been 
doped once tan be estimated at about this level. This conclusion is 

supported by the results' of the chemical analysis which indicate a 

• - 19 20 

carrxer concentration of approximately 10 to 10 boron atoms per 

3 

cm for the diamond sample v?hich had undergone six doping runs. The 
carrier _ concentration of the more highl\' doped sample will be cor- 
respondingly higher. Since carrier concentrations preferred for 
transistox and rectifier applications are considerably less than that 
apparently obtained for just one diamond doping run, it appears that 
the production of boron doped diamond devices should be quite simple 
based on the doping levels obtained on the. diamond powders. 

i 

^ The B2Hg-CH^ mi.xture used in 'the diamond doping runs was 
highly concentrated with the dopant gas , The concentration of 

in CH^ was approximately 0.83 percent by volume. As shetrn in 
Appendix A, this concentration of 82^!^ in CH^ should yield solid 
boron at the conditions of temperature and pressure used for the 
boron doping runs. 
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6.8 Induced Electron Emission 

The technique of induced electron emission, . (IliE; was 
used in an attempt to determine if • boron had been incorporated in the. 
diamond lattice during the doping process and to determine the nature 
of ■ the chemical bond between the boron and .carbon atoms. In this 
process, the sample is bombarded with X-rays and the energy distri- 
bution of the emitted electrons is measured.- Both the energy'^ of the 
emitted electrons and the rate of induced electron emission are de- 
termined. The energy level at which the electrons are generated is 
indicative of the electron binding energy of a particular element in 
the chemical structure; vjhereas, the electron emission rate is re- 
lated to the quantity of the element present in the sample. 


The use of X-ray photoelectron spectroscopy as a technique for 

42 

chemical structure- ^?as first demonstrated by K. Siegbahn in 1957. 

- * ' 43 A4- . 45 

Recently, J. C. Helmer and K. H. Weichert ’ of Varian Associates 

have described a new type of X-ray photoelectron spectrometer having 
improved sensitivity. In this spectrometer, the X-ray generated 
photoelectrons are retarded to a low energy of 100 eV by the appli- 
cation of a retarding voltage betvjeen the sample and the source slit 
of the spectrometer before entering the energy analyzer. A spectrum 
is obtained by' superimposing a sweep voltage on the initial retarding 
voltage. This improved instrument, the Induced Electron Emission 
Spectrometer, was used for these tests. 
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Since the application of lEE looked promising for analysis of 
doped semiconductors in. which dopant concentration could be extremely 
small, several samples were- submitted to Varian Associates for lEE 
spectrometer analysis. Of the samples initially submitted, the fol- 
lowing were analyzed by this method: a sample of diamond which had 

undergone six doping cycles with the mixture, a sample 

consisting of a mixture of B( 0 H )2 and B^C, and a sample of B^C. 
The BCOH)^ and B^C samples were submitted as references to de- 
termine the electron binding energy level associated with boron 
bonding in these t’s/o compounds. The electron binding energy associ- 
ated with the boron bond in the diamond lattice could then be com- 
pared with these reference levels. Moreover, since the electron 

t 

counting rate is proportional to the quantity of boron present, a 
comparison of the counting rates for these three samples can be used 
to determine the approximate boron doping level in the sample. 

The results are presented in Figures 6,8 through 6.10 which 
shoxj the induced electron emission spectra- associated with Is boron 
electrons in doped diamond, a mixture of BCOH)^ .and and 

B^C, respectively. • The sweep voltage is recorded along the abscissa 
and the electron counting rate is plotted as the ordinate. Fig- 
ure 6.8 indicates that the maximum electron counting rate in the 

I 

doped diamond sample occurs at a sweep voltage of 1189.5 correspond- 
ing to an electron binding energy of approximately 191.5 volts. 
Another very weak boron peak also appears to be present at a sx^eep 
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voltage of about 1195.5 volts. The lEE spectrum for boron in the 
mixed sample of B(OH)^ and B^C is given in Figure 6.9. Two 
boron peaks are observed, one at 1188,6 volts, corresponding to 
b(OH)^ and the other at approximately 1195.5 volts, 'attributed to 
B^C. The lEE spectrum for B^C is presented in Figure 6.10, 

The results of the initial lEE study' indicate that a rather 
high level of boron doping at the diamond surface has been achieved 
since the amplitude of the lEE signal for boron in the doped diamond 
is approximately eight percent of that for the boron reference com- 
pounds. Moreover, based on the observed sweep voltages at which the 
maximum counting rates were obtained, it appears that the boron bond- 
ing energy in the doped diamond lattice, at least that near the dia- 
mond surface, is closer to the energy of the bond in B( 0 H )2 than to 

t-he bond xn B^C. The sample depth analyzed by thxs method x.s an — 
o 46 

proximately 100 A. Since the lEE technique measures surface prop- 
erties, it is possible that the strong boron signal of the doped 
diamond at 1189.5 volts is' due to oxidation of the surface boron re- 
sulting from exposure of the surface boron atoms to air after dop- 

hl *• 

ing. The weak signal from the doped diamond sample at a sweep 

voltage of approximately 1195.5 volts may indicate the presence of 

the covalent boron bond beneath the diamond surface similar to that 

in B.C, 
q 
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It should be noted that the boron-carbon bonding energ;)>' In dia- 
mond is unknoTTO. It may, in fact, be .closer to the -energy of the 
boron bonding energy in BCOH)^* 

6 -.'9 Electron Spin Resonance 

Electron spin resonance (ESR) data were obtained at rooiti temper- 
ature for diamond samples before and after boron doping in order to 
determine if an increase in paramagnetic centers v?ere produced in the 
doping process. A V'arian E-3 electron spin resonance spectrometer 
was used to obtain these. data. If boron had been incorporated in the 
diamond lattice as -a p-type impurity , then it should be theoretically 
possible to detect this by examining the electron spin resonance 
spectra of the diamond sample before and after the boron doping runs. 

-CIiG GlGctnon spin iGsonsncG tGclml.cjuG i.s b3.SGci on tlis liiist 

the motion of a spinning electron generates a magnetic field. If a 
constant external DC magnetic field is applied, the spin axis of the 
electron precesses around the lines of ■ force of the applied magnetic 
field. Although this effect alone cannot be detected, the applica- 
tion of a RF field at right angles to the DC field results in tran- 
sitions from a low to a high energy state. The RF energy absorbed 
in this process is related to the DC field by 

hv = 3gH (6-4) 

where h = Planck's constant, v = frequency of the absorbed radia- 

. -20 
tion, 3 — Bohr magneton (0.92752X10 erg/gauss), g = spectroscopic' 

splitting factor, aird H = DC field strength. To obtain the ESR 
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line, the DC field is modulated and swept over a range centered at 

I 

the level associated with the absorbed RF energy. The output from 
the crystal detector is fed' to a phase sensitive rectifier and in-’ 
tegrator in order to produce the first derivative of the absorption 
curve which is recoirded as the electron spin resonance line. The 
area under the electron spin resonance curve is therefore propor- 
tional to the total number of paramagnetic centers in the sample. 

The electron spin resonance lines for diamond sample 633 before 
doping and after one and five doping runs is shoxm in Figure 6.11. 
This sample had been annealed for 125 hours at 1038° C. For com- 
parison, the ESR line for the reference (0.1% pitch in KCl) is 
shoxrai in Figure 6.12. -Each ESR in Figure 6.11 was obtained with a 
diamond sample of approximately 0.058 g, a 2-00 gauss scan field 


centered at a DC field strength of 33S8 gauss, a receiver gain 


2000, <^0 millix^atts of microwave power, an'd a microwave frequency 
of approximately 9.57X10^ hertz. The ESR lines for the doped and 
undoped samples show the typical room remperature ESR lines that 
have been observed for diamond powder. For each of the dia- 


mond samples, three resonance peaks \?ere observed in the diamond 


spectra; a central maximum resonance, a much less intense resonance 
approximately 32 gauss from the central resonance, and a very weak 


resonance approximately 65 gauss from the central resonance. The 

areas under the ESR lines of Figure 6.11 correspond to approximately 

17 

3.3<^i, 3.38, and 2,00X3 0 unpaired electron spins per gram of 
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sample 6B before boron doping, after one boron doping, and after five 
boron doping runs, respectively. This is considerably less than 
would be- expected based on the results of the Seebeclc measurements 

and chemical analysis. This may be due to compensation by defects or 

1 

nitrogen. Both the maximum deflection of the ESR curve and the area 

under the line showed slight increases after one boron doping run but 

then decreased significantly after five doping runs. In Figure 6.11, 

the width of each resonance line between maximum and minimum points 

on the derivative curve was approximately 3 gauss in all cases. 

As can be seen in Figure 6.13, the ESR spectra intensity is a 

strong function of the annealing time at temperatures used for the 

boron doping runs and hydrogen cleaning cycles (the ESR of the 

strong-pitch reference is given in Figure 6.14). This effect was 

deduced from ESR spectra obtained on early boron doping attempts. 

The effect of annealing mechanically crushed diamond on ESPv. data has 

49 50 

also been observed by others. ’ Since the magnitude of this 
effect can completely mask changes in the ESR line due solely to the 
boron doping, an experiment was performed to determine the time re- 

I 

quired to completely anneal a diamond sample in the hydrogen clean- 
ing furnace before proceeding t^ith doping. The data of Figures 6.13 
and 6.14 were obtained at essentially the sam.e spectrometer settings 
as used to obtain the data in Figures 6.11 and 6.12 with the only 

I 

important difference being a receiver- gain of 1250 instead of 2000. 

A O.ilO g sample was used for the annealing experinients . The 
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results indicate that the paramagnetic spin centers have been reduced 

17 

by 72 percent to 2.68X10 spins per gram after 5.5 hours and by 78 

X 7 * o 

percent to 2.68X10 spins per gram after 100 hours at 1038° C. 

Therefore, the annealing process is essentially complete after 5.5' ‘ 
hours and little change could be expected after 100 hours of anneal- 
ing. Based on these results, sample 6B was annealed at 1038° C for 
125 hours before starting the boron doping' runs. 

Comparing the ESR data for sample 6B after one doping run with 
that obtained on the sample before doping, indicates the possibility 
that boron doping of the diamond could be responsible for the slight 
increase iir paramagnetic spins observed after the first boron doping 
run. However, the subsequent decrease in area under the ESR line 
” after five, doping runs cannot be explained unless the annealing proc- 
ess is still in effect even after approximately 150 hours at temper- 
atures in excess of 1030° C. 

6.10 Fluorescence 

A sample of diamond which had undergone six boron doping runs 
was exposed to ultraviolet radiation to determine if fluorescent 
emission could be observed. The ultraviolet source Xv’as a 550 v/att 
Hanovia Type A medium pressure mercury lamp. The wavelengths and 
relative energies of the radiation from this lamp are given in 
Table 6.12. The ultraviolet source was placed approximately four 
inches above the diamond sample and visual observation was made in 
.a dark room. Since the valence band and the conduction band of a . 
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perfect diamond are separated bv an epergy gap of approximately 

/ 

5.6 eVj corresponding to the absorption edge at 2200 A, the ultra- 
violet radiation wavelength used in this experiment is slightly 
higher than that required to excite .fluorescent emission from a 
perfect diamond. However j it was anticipated that the doping proc- 
ess had introduced an electronic excitation level with a separation 
of considerably less than 5.6 eV. No fluorescence was detected. 

Another attempt to measure fluorescence from the doped diamond 
sample was made using a Hitachi I1PF-2A fluorescence spectrophoto- 
meter . The sample was first observed visually for fluorescence as 

O 

the excitation x^avelength x-7as scanned from 2000 to 7000 A. No 
fluorescence v?'as observed. The sample xijas then exposed to several 
discrete excitation wavelengths xvhile the sample emission v?as 


scanned from approximately 3000 to /OOO A -for each sxertatren wav6 
length.. The few, X7eak emission peaks observed x^ere investigated 
further by setting the emission xvavelength cox-responding to the 


O 


peak and scanning the excitation x.?avelength from 2000 to 7000 A. 

A Hitachi QPD-33 xvas used to record the emission spectra gexierated 
for both the doped and undoped diamond samples. An investigation 
of the spectra revealed no significant fluorescence peaks j and the 
spectra for the doped and, undoped diamond samples were essentially 
identical ■ 

We have no ready explanation for the lack of fluorescence. 
Other xjorkers have found that fluorescence is not alxjays observed 
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in semiconducting diamond. Perhaps the presence of other impurities 
such as nitrogen are necessary for fluorescence. 

6.11 Optical Ileasurements 

The Hitachi MPF-2A fluorescence spectrophotometer^, which was 
used in the fluorescence tests described in the previous section, v?as 
also used to measure the reflectance of yndoped diamond, bor*on doped 
.diamond, boron, and boron carbide samples. Each powder sample was 
exposed to incident radiation over a range of wavelengths from 2400 
to 7000 A. To obtain a particular reflectance measurement, the in- 
cident wavelength and the wavelength sensed by the photomultiplier 

O 

were made identical. This process was repeated at 200 A increments 
from 2400 to 7000 A, The spectrophotometer sensitivity was initially 
adjusted at each wavelength to maintain the spectrum of the undoped 
diamond within the limits of the recorder. This sensitivity setting 
schedule was then maintained for reflectance measurements on the 
other three samples in order to simplify spectrum comparisons. 

The results of this investigation are given in Table 6.13 and 

Figure 6.15. The relative reflectance given in Table 6.13 is the 

1 

I 

reflected energy sensed by the photomultiplier tube for the sensi- 
tivity level employed. In "order to compare the reflected energy of 
the four samples, the doped diamond, boron, and boron carbide rela- 
tive reflectances were normalized with respect to the relative re- 
flectance of undoped diamond at each v/avelength. The results show 
that the doped diamond sample reflects less energy than the undoped 
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diamond sample at wavelengths less than ^lOOO A and greater than 

o 

5600 A; Both the boron and boron carbide samples reflect less 
energy than the undoped diamond sam.ple over the range of xyavelengths •. 
investigated. Furthermore, the normalized relative reflectance spec- 
tra of the boron and boron carbide samples are quite different from 
the boron doped diamond spectrum. This can be more readily seen in 
Figure 6.15. Whereas the doped diamond spectrum increases rapidly 
at short wavelengths the opposite trend is observed for the boron 
and boron carbide smaples . Furthermore, the normalized doped dia- 
mond spectrum decreases after reaching a maximum at approximately 

O . ^ ► 

^600 A while boron and boron carbide spectra maintain essentially 
a constanr value after reaching their maximum level. 

The results of these reflectance measurements are consistent 
with the blue color of the dramond observed after boron doping 
since the doped diamond sample apparently absorbs more of the orange 
and red wavelengths than does the undoped diamond sample. The blue 

C O 

color of six type lib diamonds investigated by C. Clark et al has 
also been shown to result from absorption which increases from the 
orange, through the red, and into the near infra-red portions of the 
spectrum. Furthermore, the boron and boron carbide spectra are 
sufficiently different from the doped diamond spectrum to Indicate 
that the blue color resulting from the boron doping process cannot 
be attributed to surface boron or boron carbide. 
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The inereased ahsorption, of the doped diamond in the ultraviolet 

t 

can tentatively be attributed to a shift of the absorption edge to 

slightly higher wavelenths by the presence of the acceptor 3cvel. 

Unfortunatelyj it was not possible to make measurements at wave- 

0 

lengths less than the absorption edge of undoped diaiuond (2200 A or 
5.6 eV) to test this hypothesis, Another useful measurement would be 
to measure the photoconductivity of the doped diamond over the ultra- 
violet. visible and near infrared regions to obtain information re- 
garding the energy levels existing within the energy gap of the boron 
doped diamond. 

The optical absorption measurements may be perturbed b3'' the 

c 

effect of particle size on the light scat tering'~efficiency . :The mag- 
nitude of the effect may be estimated by comparing the intensity of 

scattered light of the undoped and doped samples in the region of the 

i 

spectrum where no absorption occurs, l.e., in the blue-green region 

O 

at about 4500 A. From Table 6 . 13 one- can see that the doped sample 
scatcers slightly more light, at most 6 percent more. This indicates 
that particle size effects are probably rather small and that the ob- 
served differences in intensity are caused by absorption. 




(a) Doped diamond shadowed (b) Undoped diamond shadowed 

with Au- Pd alloy. SO, OOOX with Au- Pd alloy, 30, OOOX 


Figure 6. 1. Scanning electron microscope photographs of shadowed doped and undoped 
diamond at SO, OOOX magnification. 
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(a) Doped and undoped diamond; no 
shadowing. lOOX 
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(b) Doped and undoped diamond; no 
shadovnng. 500X 


Figure 6. 2. Scanning electron microscope photographs ol unshadov/ed doped and undoped 
diamond. 




(a) Doped diamond; no shadomng. SO, OOOX (b) Undoped diamond; no sbadov/ing. 30,000X 

Figure 6. 3. Scanning electron microscope photographs of unshadowed doped and undoped 
diamond at 30, OOOX magnification. 
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(a) Undoped diamond. 
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(b) Doped diamond. 


Figure 6. 4. X-ray diffraction powder pattern of diamond before and after doping. 


81 



Figure 6. 5. Electron diffraction pattern of undoped diamond, 
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Figure 6. 6, Diffraction pattern of doped diamond, 




Figure 6, 7. Schematic of experimeaial SseDeck coeSicient apparatus. 




Electron ccuntmg rate, counts/sec 


B4 



Sweep voltage 


Figure 6, 8, lEE boron spectrum for doped dlamoncb 
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Figure 6. 9, lEE boron ciseeSaisa for mixture of B(Ori)g and B^C, 
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Figure 6. 10. lEE boron eiDectruai for B^C. 

























Figure 6. 12. Electron spia resonance of strong-pitch reference (0, 1 % pitch in KCl). 




Figure 6. 13. Electron spin resonance of doped and uiidoped diamond; (sample 6B) 
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Wavelength, A 


Figure 6. 15. Normalised relative refieofence of boron doped dia~ 
mond, boron, a3id boron carbide as a fianctioa of wavelength. 
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TABLE 6.1 

X-MY DIFFRACTION DATA 


O 


Lattice 

Spacing (A) . 

Relative Intensity 

Possible Impurities 

Undoped 

Doped 



5,867 

Not detected 

Weak 

Not identified 

4.310 

4.314 

Verj' weak 

•SiO^ 

3.813 

3.801 

Very xreak 

SiO^ 

3.685 

3.672 

Weak 

Not identified 

3.195 

3.180 

Weak 

^^2®2°4 

3.035 

Not detected 

^iJeak 

Cu^ (Ge, Fe)S^^ ,BaSn0^ 

2.905 

Not detected 

Weak 

Li„B„0, .BaSnO, 
2 2 4 4 

2.313. 

2.317 

Weak 

Cr 

2.056 

2.057 

Very strong 

Diamond, BaSnO, ,NiFe, 
Co^VjCr ^ 

1.938 

■ 1.947 

Very vjealc 

Not identified 

■ 1.924 

1.915. 

Very weak 

■ CO 3 V 

1.863 

1.873 

Very weak 

Cu 2 (Ge,Fe)S^^,Cr 

1.782 

Not detected 

Weak 

KiFejCo^V 

*1.711 

1.708 

Very weak 

Not identified 

1.592 

1.594 

■Very weak 

Li^B^O^ 5 Cu (Ge , Fe) 

1.537 

Not detected 

Very weak 

Not identified 

1.521 

Not detected 

Weak 

Not identified 

1.449 

Not detected 

Very weak 

Not identified 

1.324 

1.338 

Weak 

Not identified 

;.1.301 

1.295 

■ V ery v?eak 

Not identified 

1.279 

Not detected 

Very weak 

Cr 

1.260 

1.260 

Very strong 

Diamond, NiFe 

1.234 

1.228 

Very weak 

Cr 
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TABLE eJl 

ELECTRON DIFFR.ACTION DETERillNATION OF LATTICE SPACINGS 
FOR UKDOPED DI/RIOND 


Indices 
(h k 1) 


Angular 
Diffraction 
of Electron 
Beam , 6 


Lattice Plane Spacing 
(Angstroms) 

and Relative Line Intensities 
Experimental . Theoretical 



(degrees) 

Spacing 

Intensity^ 

Spacing 

Intensity 

Ill 

0.5127 

2.067 

v.s. 

2.060 

100 

■ 220 ■ 

.8397 

1.262 

s , 

1.262 

■ 27 

311 

.9854 

.1.976 

5 

1.076 

16- 

111 

.1.0208 

1.038 

v.w, 

(b) 


400 

■ 1,1885 

.892 

v.w. 

0.892 

7 

331 

1.3021 

.814 

w 

.819 

15 

422 

1.4598 

.726 

w" 

.728 


511, 333 

1.5457 

.686 

w 

.687 


440 

1.6779 

.632 

V . w . 

.631 


531 

1.7616 

.602 

V . V7 . 

.603 


620 

1.8761 

-.565 

V.w. 

.564 


533 

1.9509 

.543 

v.w. 

.544 


444. 

Not detected 



.515 


711, 551 

2.1136 

.502- 

V.w. 

.500 


642 

2.2147 

.479 

v.w. 

.477 


731, 553 

2.2806 

.465 

! 

v.w. 

.465 


(a) 

Abbreviations 

1 

: v.s. , 

very strong. 

s, strong; w, 

weak; 

V.W., very vjealc. 





(b) 

This line is 

believed 

to be a weak 

second order 

reflection 


from the 111 plane. 
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TABLE 6:3 


-ELECTRON DIFFRACTION DETEIMINATION OF LATTICE SPACINGS 

FOR DOPED DIAMOND 


Indices 
(h k 1) 

Angular 

Diffraction 


Lattice Plane Spacing 
(Angstroms) 


of Electron 


and Relative Line 

Intensities 

Beam, 0 

Experimental 

Theoretical 


(degrees) 

Spacing 

(a) 

, Intensity 

Spacing 

Intensity 

111 

0.5114 

2.073 

v.s. 

2.060 

100 

220 

.8383 . 

1.264 

S 

1.262 

27 

311 

.9852 

1.076 

S 

1.076 

16 

111 ■ 

1.0269 

1.032 

V.W. 

(b) 


400 

1.1847 

. 894 ■ 

V.V7. 

0.892 

7 

331 

•1.2986 

.816 

W 

.819. 

15 

422 

1.4585 

.727 

W 

.728 


511, 333 

1.5460 

-..686 

w 

.687 


440 

1.6817 . 

.630 

v.w. 

.631 


531 

- 1.7561' 

.604 

v.w. 

.603 


620 

1.8785 

.564 

• V.w. 

.564 


533 

444 

1.9484 

Not Detected 

.544 

V.V?-. 

.544 

.515 


711, 551 

2.1188 

.500 

v.w. 

.500 


642 

2.2192 

.478 

V .w. 

.477 


731, 553- 

2.2737 ■ 

. 466 

v.w. 

.465 


(a) 

^ Abbreviations : 

v.s. , 

very strong'; s, strong; w, 

weak ; 


v.w. , very weak. 

(b)^hig line is believed to be a weak- second order reflection 
from the 111. planes. 
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TABLE 6:4 

THEORETICAL LATTICE SPACINGS FOR BORON CARBID 


Indices Lattice Plane Spacing Relative Line 
(li Ic 1) (Angstroms) Intensity 


101 

003 

012 

110 

104 

021 

113 

006 

211 

‘205 

116 

107 

303 

125 

018 

027 

220 

009 

131 

223 

208 

306 

042 


4.49 

4.02 
3.79 
2.81 ■ 
2.57 
2.38 
2.30 

2.02 
1.82 
1.714 
1.637 
1.628 
1.505 
1,463 
1.446 
1.407 
1.403 
1.345 
1.342 
1.326 
1.286 
1.261 
1.191 


30 

40 

70 

30 

80 

100 

10 

10 

10 

30 

10 

10 

20 

30 

30 

30 

30 

20 

20 

20 

10 

20 

10 
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TABLE 6j.5 

OBSERVED LATTICE SPACINGS. FOR VJHITE CARBON 


Lattice Spacing 
(Angstroms) 

Relative Intensity 

- 4.47 

V . V . s . 

4.26 

V. V. s . 

4.12 

v.s. 

3.71 

ra 

3.22 

m • 

3.03 

s 

2.94 

w 

2.55 

s 

2.46 

m 

2.28 

s 

2.24 

ra 

2.10- 

TO 

1,983 

w 

' 1.910 

w 

1.496 

■ w 

1.370 

w 

1.289 

-V7 

1.26 

w 

1.197 

- ra 

1.184 

m 

1.080 

V7 

0.8642 

V7 


fa") 

Abbreviations; v.v;s.j very, very 
'strong: v.s., very strong: s, strongj-m, 
medium; w, T?eak 



97 


TABLE 6.6 

CHEMICAL AN/VLYSIS OF DOPED AMD UNDOPED DI.\MOKD 



CABLE ADDRESS "LLDOUXtEA^iCCh' 
■fwx 201 C53 0076 


A 


No. ...mZQ?.,. 


1 fAI fA7 

Y<^ 3S9AIjrai}Avcnu<y,Tehneeh,Kf;wJer<!Oi 07666'Te!lcphonBx: 
pLj-^ 

i CdtcTKCL, /hO B£SC*iiCK C>‘£Kll1ftT. ) '.SIK.L'Kft'TAI /K& CMtMCU AhAlTSlS * SAKfLlhf. 

[ hCICHtKQ, tKirfcrS* RCPkCiEKTATlOU, t £S ££ JCIATl^K, /A9 ATOAACE OF ORCC AXp KCTAlS 

m REPORT OF ANALYSIS 

October 26, 1S70 


Our anaJ3'sis of the sample of DIAMOND POVIDER 
From Case Western University 


Date E.eceived ;9/21/70 


Marked: Samples :6"0 (undoped Diamond Powder) and 6-6 (doped Diamond Pox^der) 
P.O„-»F-2?-252 

and submitted to us. shows: 
BY SPEGTROGRAPHIC AMLYSIS 
# &"0 - #6-6 

BORON — — 


SILICON — ^ 
PHOSPHORUS 


0 . 001 % 

0.006% 

0.005% 


0 . 01 % 

0 . 02 % 

0 . 0002 % 


Note; Other elements not detected 
* * * 


To 


Case Western Universitjr 


fORU 8A ecu C>7& P. 6. 


tEDOmZ^ COR'IPAI^' 






TABLE 6\7 


THEORETICAL COMPOSITE DENSITY OF DOPED S/iMPLE ASSUMING 8.98 PERCENT 
WEIGHT INCREASE IS DUE TO DEPOSITION OF VARIOUS SPECIES 


' Species 


Theoretical Density of 
Species density Doped Sample Assuming 

g/cm^ Growth Attributed to a 

Given Species 


Surface boron 

2.34 - 

Boron .carbide 

2.52 

Boric oxide 

2.45 - 

Boron nitride 

2.25 • 

Graphite • 

1.3 " 

Quartz 

2.60 

Silicon carbide 

3.20 

Silicon nit;ride 

3.43 


2.37 

3.364 - 
3.395 

3.369 

2.47 

3.383 - 
3,346 

3,387 

2.265 

3.049 ~ 
3.416 
3.486 
3.508 

3.349 
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TABLE 6, 
DENSITY OF DIAblOND 

1 

!.S 


IffiASURED 

BEFORE /\KD 

AFTER -DOPING 

Run No. 

Density (g/ 

cm ) 

Pycnometer 


Undoped 

Doped 


1 

3,510 

3.515 

72 

2 

3.507 

3.511 

|72 

3 

3.498 

3.499 

72 

4 

3.487 

3.490 

• 6 

5 

3.492 

3.495 

6 

6 

■ 3.518 

3.511 

6 
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TABLE 6.9 


.SEEBECK COEFFICIENT FOR' BORON DOPED DIAMOND AFTER ONE DOPING RlTN 

(-4. ■57 PERCENT WEIGHT GAIN) 


Temperature 

(°C) 

Temperature 

Seebcclc 

Relative 

Cold Junction Hot Junction 

Differential 

oc 

Voltage, 
+V (volts) 

Seebeck 

Coefficient 

(PV/OC) 

22.8 . 

22.8 

0 

0 


13.9 

22.8 

8.9 

0.0023 

258 

10.0 

22.2 

12.2 

.0031 

254 

7.5 

20.3 

12.8^ 

,0037 

289 

5.0 

19.5 

14.5'^ 

.0042 ■ 

290 

3.3 

18.9 

15.6 

.0052 

334 

0 

18.3 

18.3 

.0057 

311 

-2.8 

18.3 

21.1 

.0064 

306 

-5.5 

17.8 

23.3 

.0068 

292 

-8.1 

16.6 

24.7 

.0072 

291 

-10.6 

14 . 4 

25.0 

.0077 

308 

-13,3 

12.8 

26.1 

.0082 

314 

-16.1 

12.8 ■ 

28.9 

.0087 

301 

-21.6 

.10.6 

32,2 

.0095 

295 

-25.5 

10.0 

35.5 

.0105 

296 


ave “ 296 yV/°C 
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TABLE 6.10 


SEEBECK COEEFICIEET FOR BOROl'T DOPED DTAlfOND AFTER SIX DOPING RUNS 



(9.86 P 

ERCENT WEIGHT 

GAIN) 


Temperature 

(°C) 

Temperature 

Seebeck 

Relative 

Cold Junction Hot Junction 

Differential 

°c ■ 

Voltage, 
+V (volts) 

Seebeck 

Coefficient 





(yv/°c) 

22.8 

22.8 

0 

■ 0 

— 

13.9 

19.7 

5.8 

0.0005 

86 

•8.4 

19.2 

10.8 

.0014 

130 

4.5 

19.2 

14.7 

.0017 

116 

1.7 

19.2 

17.5 . 

.0020 

114 

-3.9 

19.2 

23.1 

.0027 

117 

-7.8 

18.6 

26.4 

.0030 

114 

-11.1 

18.3 

29.4 

.0037 

126 

;^14.7 

17.7 

32.4' 

.0042 

130 

-15 . 5 

17.2 

yi.i 

.0042 

128 

-18.9 

16.7 

35.6 

-.0048 

135 

-23.3 

16.7- 

40.0 

.0050 

125 


ave =296 yV/°C 
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TABLE 6. '11 
/ 

SEEBECK COEFFICIENT OF BORON CARBIDE 


Temperature C*- 

'C) 

Temperature 

Seebeck 

Relative 

. Junction Hot 

Junction ‘ 

Differential 

Voltage, 

Seebeck 

OC ■ 

+V (volts) 

Coefficient 

(uv/°c) 

23.9 

23.9 

0 

0 i 

— 

10.6 

20.1 

9.5 

0.0004 

42 

-11.1 

18.1 

29.2 

.0013 

45 

-1^.2 

17.6 

31.8 

.0015 

47 ^ 

-16.1 

17.2 

33.3 

.0018 

54 

-21.6 

16. A 

38.0 

.0020 

53 
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TABLE 6.12 

ULTMVIOLET R/vDIATION® USED FOR ELUORESCEIICE TEST 


O 


Wavelength (A) 

Relative Energy 

Energy (eV) 

2224 

14; 0 ‘ 

5.58 

2320 

8.0 

5.35 

2360 

6.0 

5.25 

2380 

8.6 

5.21 

2400 

7.3 

5.17 

2482 

8.6 

5.00 

2537 

16.6 

4.89 

2571 

6.0 

4.82 

2652-2655 

■ 15.3 

4.68-4.67 

2700 

4.0 

4.59 

2753 

2.7 

4.50 

-2804 

9.3 

4.42 

2894 

6.0 

4.29 

2967 

16 . 6 

4.18 

3022-3028 

23.9 

4.10 

3126-3132 

49.9 

3.96 

3341 

9.3 

3.71 

■ 3650-3663 

100.0 

3.40-3.39 

'4045-4078 

42.2 

3.07-3.04 

4358 

77.5 

2.84 

5461 

93.0 

2.27 

5770-5790 

76.5 

2.15-2.14 

10,140 

40.6 

1.22 

11,287 

12.6 

1.10 

13, 67'^ 

15.3 

0.91 


The ultraviolet radiation source was a 
550 watt Hanovia ,Type A medium pressure mercury 
lamp . 



TABLE 6.13 


OPTICAL MEASUREMENTS 




Relative Reflectance 

Normalized®- 

Relative 

Reflectance 

Wavelength 

Sensitivity 

Undoped 

Doped 

Boron 

Boron 

Doped 

Boron 

Boron 

(A) 


Diamond 

Diamond 


Carbide 

Diamond 


Carbide 

2400 

6 

36.0 

14.2 

17.5 

15.3 

0.532 

0.486 

0..425 

2600 

5 

62.0 

34.7 

26.2 

23.1 

,560 

.423 

.373 

2800 

4 

32.5 

20.7 ' 

11.3 

10.7 

.637 

.348 

.329 

3000 

3 

79.7 

.75.8 

10.8 . 

10.7 

,951 

.135 

• .134 

3200 

2 

40.2 

38.3 

6;0 

5.3 

.953 

.149 

.132 

3400 

2 

53.2 

51.9 

10,2 

8.1 

.975 

.192 

.152 ' 

3600 

2 

66 . 3 

64.5 

15.0 

11.0 

,973 

.226 

. 166 

3800 

2 

72.8 

72.4 

19.3 

13.0 

.995 

.265 

.178 

4000 

2 

70.8 

70.8 

21.2 

13.5 

1.00 

.299 

.191 

4200 

2 

66.7 

66.9 

21.7 

13.1 

1.00 

.325 

.196 

4400 

2 

57.5 • 

58.1 

20.4 

11.9 

1.01 

.355 

.-207 

4600 

2 

57.5 ■ 

61.0 

22.3 

12.9 

1.06 

.388 

.224 

4800 

2 

53.3 

55.8 

21.2 

12.0 

1,05 

.398 

.225 

5000 

2 

33.0 

34.2 

13-1 

7.0 

1.04 

.398 

.212 

5200 

3 

91.0 

93.2 

38.0 

21.1 

1.02 

.418 

.232 

5400 

3 

71.3 

72.0 

29.8 

15.4 

1.01 

.418 

. 216 

5600 

3 

53.6 

53.8 

22.0 

12.1 

1.00 

.410 

.226 

5800 

3 

39.9 

39.0 

16 . 6 

8.9 

,978 

. 416 

.223 

6000 

4 

75.8 

• 73.3 

32.2 

17.8 

.967 

.377 

.208 

6200 

4 

60.7 

56.8 

24.8 

14.1 

.936 

.408 

.232 

6400 

4 

31.3 

28.5 

12.8 

6.9 

.911 

.408 

.220 

6600 

5 

67.3; 

60.9 

28.0 

15.7 

.905 

.416 

.233 

6800 

5 

36.3 

32.0 

14.9 

8.1 

.882 

.410 

.223 

7000 

6 

47.7 

40.7 

19.0 

12.0 

,853 

.398 

. 252 


formalized with respect to undoped diamond. 
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CHAPTER VII- 


SUI^iiARY OF RESULTS 

7.1 Suromary of Diantond Doping; Experiments 

The first Icnora attempt to grow boron doped diamond by vapor 
phase deposition has been accomplished by passing a gaseous mixture 
of 0.83 percent diborane in methane over a bed of nonconducting 
natural diamond seed crystals of 0 to 1 micron nominal size at 
1050° C and 0.2 Torr. The growth of diamond at this temperature 

I 

and pressure by vapor phase deposition using methane has been pre- 

1 2 

viously demonstrated. ’ 

A consistent decrease in growth rate, resulting eventually in 

I 

zero growth rates, limited the cumulative weight increase to approx- 
imately ten percent during the boron doping runs. Although this 

growth rate trend was also observed - during the expitaxial diamond 

2 

growth experiments of H. Will, it was not nearly as pronounced. 

Since initial growth rates during the boron doping runs were as 

large or larger than those obtained in the epitaxial diamond growth 

experiments , ‘ it appears that the boron doping process alters the 

diamond surface in such a way as to decrease the rate of diamond 
; 

growth. The mechanism responsible for this affect is not known. 
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However, it is probable, that active surface sites are filled up as 
growth, proceeds, making furtlier growth more difficult. 

A distinct change in color of the diamond samples was observed 
except for initial samples of diamond which were highly contaminated 

V 

with tungsten. The diamond seed crystals, which were initially a 
gray or off-white color, turned light blue as a result of the boron 
doping experiments. The blue color appeared after one doping run and 
became somewhat more intense during subsequent doping runs. 

7.2 Summary of Experimental Analyses 


In order to evaluate the physical, chemical, and electrical prop- 
erties of the blue diamonds resulting from the boron doping experi- 
ments, the follovjing tests were performed: 

1. Chemical etching tests 

2. Scanning electron microscopy 

3. X-ray diffraction 

'4. Electron diffraction 

5. Chemical analysis 

6. Density measurements 

7. Seebeck coefficient measurements 

8. Induced electron emission spectroscopy 

9. Electron spin resonance 

10. Fluorescence tests 

11. Optical absorption measurements 

I 

A. Chemical' Etching Tests 

Chemical etching tests were made using aqua regia, hydrofluoric 
acid, nitric acid, and fused alkali. No v;eight change or visible 
change in the blue color of the doped diamond was detected after the 
chemical etching tests. 
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B. Scarminp, Electron Microscopy 

Scanning electi'on mici'oscopy was used to obtain surface details 
cn diamtind samples berore and after doping in an attempt to use 1‘his 
information' to explain the decreasing .growth rates observed during 
the doping experiments. Although the scanning electron microscope 
photographs did not show sufficient detail to distinguish differences 
in. diamond surface detail before and after doping, the superior reso- 
lution obtainable for the boron doped diamond sample qualitatively 
demonstrates the increased conductivity of the doped sample. 

C. X-ray Diffraction 

X-ray diffraction powder patterns were obtained on diamond sam- 
ples before and after boron’ doping experiments. In addition to the 
two J.rjtense diamond lines, several other weak diffraction lines 
appear in both the undoped and doped diamond-samples. The weak lines 
are most likely due to small quantities of impurities in the X-ray 
target material since no lines other than those of diamond were ob- 
served in the electron diffraction studies. 

D. Electron Diffraction 

Electron diffraction on diamond samples before and after the 
boron doping experiments revealed the first fourteen lattice plane 
spacings of diamond. No lines other than those of diamond were 
feund for either the undoped or doped diamond samples. This indi- 
cates that the weak impurity lines observed in the X-ray diffraction 
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l>at terns were most likely due to impurities in the X-ray target 
material , 

E. Cheinical Analysis 

Emission spectrograpbic analysis indicates tlTat the boron concen- 
tration increased from 0.001 to 0.01 percent during a series of six 
boron doping runs. This increase in boron concentration corresponds 
to a boron doping level between 1010 and 100 ppm depending upon the 
extent of boron diffusion from the new growth layer into the original 
diamond seed cr 3 ’'stal. The concentration of silicon also increased 
from 0.006 to 0.02 percent after six doping runs. The increase in 
silicon content maj? be due either to the cheinical dissociation, da-.'. 

e 

vitrification, or mechanical abrasion of the quartz deposition ap- 
paratus. The concentration of phosphorus decreased from 0.005 per- 
cent before doping to 0.0002 percent after the six doping runs. No 

! 

other elements wore detected by spectrochemical analysis. 

F. Density Measurements 

The density of a diamond sample before and after six boron dop- 
ing runs was measured. The average of six density measurements on 

3 

undoped diamond sample was 3.502 g/cm , whereas the average density 

3 

after six boron doping runs was 3.504 g/cm indicating that the den- 
sity of the diamond sample 'is essentially unchanged boron doping. 

A statistical analysis using the Student's t-distribution excluded 
tlie possibility that the weight increases during the boron doping 
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experiments can be attributed Lo the formation of B, 

' t 

SiO^s or SiC at a confidence level of 95 percent. The density 
measuretnents alone do not eliminate the possibility of silicon ni- 
tride, however, since its density is very close to that of diamond, 

G. Seebeck Coefficient 

The Seebeck coefficient of the diamond' 'before boron doping could 

not be measured due to its high resistivity. After one doping run, a 

Seebeck coefficient of approximately 296 yV/°C was observed, indicat“ 

18 21 3 

ing a cat tier concentration of approximately 10 to 10 per cm de- 
pending on ‘the effective mass of the carrier. This concentration of 
carriers is consistent with the observed boron weight increase deter- 
mined by chemical analysis. The measured Seebeck coefficient of this 

sample dropped to approximately "120 yV/°C after six boron doping runs. 

/ 

The doped, diam.ond behaved as a p-type material based on the sign of 
the Induced Seebeck voltage. Similar measurements on a sample of 
boron carbide indicated that it was also a p-Uype material; however, 
its Seebeck coefficient was only 48 pV/°G. 

1 

■ H. Induced Electron Emission '• 

t i ill 

I 

Induced electron emission spectroscopy vms used to determine the 
boron content and the nature of its chemical bond in doped diamond 
samples. Initial doped diamond samples analyzed by this technique 
indicated a high level of boron doping with a bonding energy of the 
boron atoms near the surface approximately equal to that in 
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Since Lhe binding energy of B dissolved in diamond is not available 
£rom independent measurements it is not possible to say whether the 
surface boron atoms -are oxidized or noti 

- i\ Electron Spin Resonance 

.High temperature annealing effects tended to mask the changes 
in electron spin resonance spectra due to the boron doping process 
in diamond., Comparison of ESR data for an undoped sample and one 
that had undergone one boron doping run indicated a slight increase 
In paramagnetic spins after doping. However, the subsequent de- 
crease in Lhe ESR signal after six doping runs cannot be explained 
unless it is attributed to the annealing process still being in ef- 
fect after approximately 150 hours at temperatures in excess of 
1030° C. 


J. fluorescence 

Samples of diamond before and after boron doping runs were ex- 
posed to ultraviolet and visible radiation to determine if fluores- 
cent emission could be observed. No fluorescence was observed and" 
there was essentially no difference between the fluorescence spectra 
of doped and undoped diamond samples . 

K. Optical Measurements 

Samples of undoped diamond, boron doped diamond, boron and 
bo con carbide were exposed to incident radiation having wavelengths 

O 

irom 2^00 to 7000 A, and the reflected energy spectra were obtained. 
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Tlis result:s show increased absorption by the doped diaraond in the 
red end of the optical spectrum and in the ultraviolet, thus con- 
firming the visual observation of a blue color. These tests also 
gave further evidence that the properties exhibited by the boron 
doped diamonds can not be attributed to the formation of boron or 
boron carbide during the doping process, 

7.3 Ccaicluding Remarks 

The boron doping of nonconducting natural diamond seed crys- 
tals by vapor deposition produced blue diamonds which appeared to 
be p~rype semiconductors based on the sign of the measured Seebeck 

voltage. It is believed that the blue color obtained in these ex- 
♦ 

perljnents indicates that boron doping of diamond has occurred since 

11 12 

boron doping by the growth or diffusion methods ’ also resulted 

in the production of blue semiconducting diamonds. Emission spec- 

! 

trochemlcal analysis of the diamond before and after doping indi- 
cares that the boron concentration increased tenfold during the 
boron doping runs. Carrier concentrations estimated from measured 
Seebeck coefficients of the doped diamonds are 'consistent with the 
boron concentration determined by chemical analysis. Ko impurities 
other than silicon and phosphorus were detected by spectrochemical 
analysis and no crystalline Impurities were detected by X-ray and 
electron diffraction studies of diamond before and after doping. 
Eurthermore, density measurements eliminate, at the 95 percent con- 
fidence level, the possibility that the weight increases obtained 
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during a series of boron -doping runs can be attributed solely to the 
formation of B, nitride, 

however, cannot be ruled out on this basis alone; however, the pres-^ 
ence of silicon nitride v?as not detected by X-^'ray or electron dif~ , 
fraction patterns. and only trace amounts of silicon ^jere detected by 
spectrocheinical analysis. In addition,, the chemical etching tests 
indicate that the observed weight increases during the boron doping 
experiments cannot be attributed to substances soluble in aqua regia, 
nitric acid, or hydrof3uoric acid such as B, and Si^N^. Scan- ■ 

ning election microscopy qualitative3.y indicated the increase in con- 
ductivity resulting from the boron doping runs although an explana- 
tion for the decrease in growth rates could not be obtained by exam- 
ination of the diamond surface using this technique. Optical meas- 
urements provided additional evidence that the properties observed 
for the boron doped diamonds cannot be attributed to the formation of 
boron or boron carbide during the boron doping process. 

The runs using one percent ®2^6 otherwise identical 

conditions gave no indication of doping or the formation of boron car- 
bide from the reaction of diborane 'with the diamond. Furthermore, 
there was no evidence of the formation of boron carbide on any por- 
tions of the deposition apparatus during either the in CH^ 

or the in H 2 doping runs. This is further confirmation 

that the boron is incorporated into the new structure as it is grown. 
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Although the data indicate that boron doped semiconducting Dia- 
mond has been obtained by the boron doping experiments performed in 
this study, the ESR 'Spectra and the absence of fluorescence in the 
boron doped samples cannot be explained at this time. 



CHAPTER VIII 


FUTURE WORK 

The optical absorption study was limited to a minimum wavelength 
of 2400 A. Additional data should be obtained for waveleiigths less 

O 

than 2400 A to compare the absorption spectra of doped and undoped 

diamond in the region of the energy gap. Furthermore, photoconduc- . 

tivity measurements should be made to determine the positions of 

energy levels within the energy gap. 

< 

The requirement to use fine diamond powders for these boron dop- 
ing experiments in order to obtain measurable growth rates, pre- 
cludes analysis of the doped diamond layers by conventional methods 

1 

I 

such as resistivit3i' and Hall effect measurements. A method must be 
developed to increase diamond growth rates during vapor deposition 
and to prevent the decreasing growth rates observed for successive 
doping runs. If growth rates are improved, then boron doped layers 
can be deposited on diamond made surfaces. Measurements of con- 
ductivity, electron mobility, carrier concentration, and activation 
energy can then be readily made. 

Attempts to grow n-tj’pe diamond semiconductors by vapor depo- 
sition should also be made. When the growth of n-type layers has 
demonstrated by this process, the formation p— n junctions can be 
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atteiiipted . Selective masldng procedures may lend themselves to pro- 
duction of p-n junctions by successive depositions of .a p-type layer 
followed by deposition of an overlapping n-fype layer. 



APPENDIX A 


EQUIEIBRIUn CALCULATIONS ^ 

The equilibrium composition of the C-H-B system was calcu- 
lated over. a range of pressures, temperatures, and initial compo- 
sitions in order to determine the conditions under which solid boron 
and diamond phases would be present. The calculations v?ere also 
made to define the gas phase equilibrium composition that would exist 
during the boron doping experiments on diamond. The results of these 
calculations were used to define in a general manner the proper con- 
ditions of temperature, pressure, and composition of the reactant 
gases for boron doping of diamond. Equilibrium mole fractions for 
the C-H-B system were determined for temperatures from 1000° to 
1600° K, pressures from O.’Ol to 0.0001 atm., and initial concentra- 
tions of B„H., in CH, from 0.01 to 0.0001 percent by volume. 

2 6 4 

All chemical equilibrium calculations were made using an exist- 

j g— 21 

ing computer progi'ara obtained from NASA. ' This program is based 

on determining the equilibrium composition of a reacting chemical 
system by minimizing the total free energy. Equations for the con- 
servation of mass, the change in free energy across reactions that 
define the formation of each reaction product from its elements, and 
Dalton's law of partial pressures comprises a set of nonlinear 
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Tables A-2 through A-13, This temperature range adequately spans 
rhe boron doping temperature of 1325° K that was used for all boron 
dopxi“runs in this investigation. Only those species whose equil- 
ibrium mole. fraction exceed IXlO"® are given in Tables A-2 through 
A-13, For those mole fractions that are less than 0.1, the negative 
exponent of 10 associated with the mole fraction is given to the 

right. 

The equilibrium mole fractions for a mixture of xn CH^ 

at- pressures-of 0.01, 0.001, 0.000263, and 0.0001 atm. ‘for a 0.01 
percent by volume initial concentration of B 2 Hg are given xn Tab- 
les A-2 through A-5, respectively. Two solid phases, boron and dia- 
mond, are present at all temperatures- from 1200° to 1450° K. The 
primary gas phase species present under these -conditions are H^, H, 
CIL, CH,;-and C„H,. The major boron species present in the gas 
phase is Bll„. The mole fractions of all gas phase specxes, wxth 
the exception of H^, are. less than 0.7X10 over the range of tem- 
peratures and pressures specified in Tables A-2 through A-13. 

Tables A-6 through A-13 give chemical equilibrium data similar 
to that presented in Tables A-2 through A-5. However, the data in 
■ Tables A-6 through A-9 pertain to an initial gas mxxtare 

. chan is 0.001 percent B^Hg by volume while the data in Tables A-10 
through A-13 refer to an initial B^Hg concentration of 0.0001 per- 
cent by volume. It can be seen that the gas phase equilibrium com- 
positions in Tables A-6 through A-13 are identxcal to the 
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compositions given in Tables A-2 through A~5 for the same temper- 
ature and pressure when both solid phases are present. This result 
is consistent with the Gibbs phase rule. 

T = C + 2. - P (A-1) 

"The number of components, C, in a reacting chemical mixture is nor- 
mally equal to the number of chemical elements -constituting the sys- 
tem., Only vjhen the elements appear in a constant ratio in all the 
products of reaction will the ntunber of components differ from the 
number of elements. Three phases exist, two solid and one gas phase, 
over -the range of temperature, pressure, and initial composition 
given in Tables A-2 through A-9. Therefore, two degrees of freedom 
exist. Thus, whenever two solid phases are present in the C-H-B 
system the equilibrium composition of the gas phase is fixed for a 
given temperature and pressure. For an initial concentraticn 

of 0.0001 percent by volume the solid boron phase is not present at 
temperatures above approximately 1300° K for a pressure of 0.01 at- 
mospheres. The solid boron phase is also not present at temperatures 
above approximately 1350° K for pressures of 0.001, 0.000263, or 
0.0001 atmospheres. However, the diamond phase was present at equi- 
librium for all pressures, temperatures, and initial composi- 

tions investigat.ed. 

The temperatures, pressures, and initial compositions of the 

B„H^-CH, reaction mixture for which the solid boron phase is pres- 
2 D <4 

ent are defined in Table A--1^4. It is obvious from this table that 
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the equilihrium calculations did notjliave to he extended to initial 
mixtures of 'that contained more than 0.01 percent 

by volume since both solid phases would always be present for the 
temperatures and pressures of interest. The gas phase is therefore 
defined and is the same as that presented in Tables L-2 through A-5. 
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TABLE A -1 

CHEMICAL SPECIES CONSIDERED IN THE C-H-B SYSTEM' 


^^2 

(g.) 

So^^i- 

(g) 


(g) 

»1 

Cg) 

C^H 2 

(g)' 


(g> 


(s) 

C2H2 ^ 

(g) 

C3H3 

( 8 )' 

"l 

(g) 


•(g) 

. V5 

(g) 


(g) 

"^ 4«2 

(g) 


(g) 

s 

.(g) 


(g) 

S ^6 

(g) 

^4 

(g) 

^ 6»2 

(g) 

" 4«6 

( 8 ) 

s 

(g) 

C7H2 

(g) 


(g) 

^6 

(g) 

^ 8^^2 

(g) 


( 8 ) 

^■7 . 

(g) 


( 8 ) 

S «8 

(g) 


(g) 

'^ 10^2 

(s) 

^^8 

(s) 

s 

(g) 


(g) 

^ 4«10 

(g) 

^10 

(g) 

C2II3 

(g) 


(s) 

"A 

(g) 

C3H3 

(g) 


(1) 

C^Hi 

(g) 

^ 4 ^ 

(g) . 

^1 

(g) 


(g) 

C3II3 

(g) 

^2 

(g) 


(g) 


' (g) 

BiHi 

(g) 


Cg) 

^ 1^4 ■ 

(g) 

® 1^2 

(g) 

" 6«1 

(g) 

S «4 

(g) 

B1H3 

(g) 

-C7H1 

(g)' 

S «4 

(g) 

^ 2«6 

(g) 

S «1 

(g) •’ 

C4H4 

(g) 

^ 10^14 

(g) 

S «1 

( 8 ) 







TABLE A-2 


EQUILIBRIUM MOLE FRACTIONS FOR THE SYSTEM AT 0.01 ATM 

FOR A 0.01% BY VOLUME B„H, INITIAL CONCENTRATION 

2 6 . . . . . 


Chemical Temperature (°K) 


Species 

1200 

1250 

1300- 

1350 

. 1400- . 

1450 ’ 

®2 ■ 

<s). 

0.667 

0.667 • 

0.667 

0.667 

0.667- 

0 . 667 

H 

(g) 

.132-05 

.322-05 

■ .737-05 

• .159-04 

. 324-04 

.630-04 

CH 

(g) 

<.100-07 

<.100-07 ■ 

<.100-07 

.118-07 

.282-07 

.636-07 

SA 

Cg) 

■.294-06 

.707-06 

.159-05 

.336-05 

.672-05 

.129-04 

CH 

(g) 

.215-07 

.352-07 

,556-07 

.848-07 

,126-06 

.181-06 

CH, 

(g) ■ 

.209-03 

.144-03 

. 102 - 03 ' 

.743-04 

.552-04 

.420-04 


(s) 

.365-07 

.418-07 

,474-07 

.533-07 

■ .594-07 

. .658-07 

BHy 

(g) 

.134-06 

.292-06 

.]600~06 

.117-05 

.217-05 

. .385-05'. 


•(g) 

.662-07 

.957-07 

.■134-06 

.184-06 

.245-06, 

. 321-06. 

B 

(s)’ 

.665-04 

.663-04 

.660-04 

.653-04 

.643-04 

' .625-04 

C 

(s) 

.333 

.333 

,333 

.333 

.333 

.333 ; 
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TABLE A- 3 


EQUILIBRIUM MOLE FRACTIONS FOR THE SYSTEM AT 0.001 ATM 


FOR A 0.01% BY VOLUME 


Chemical 


Species 

1200 

1250 

''2 

Xg) 

0.667 

0.667. 

H 

(g) 

.416-05 

.102-04 

CH 2 

(g) 

<.100-07 

<.100-07.. 

C^Hz 

(g) 

.294-06 

.708-06 

CH3 

(g) 

<.100-07- 

.111-07 

CH 4 

<g) 

.209-04 

.144-04 


<g) 

<.100-07 

<.100-07 

BHz 

( 8 ) 

.134-06 

.292-06 

BK 3 

(g) 

.209-07 

.303-07 

B 

(5) 

.665-04 

.664-04 

C 

(s) 

.333 

-.333 


B„H, INITIAL CONCENTRATION 
Temperature (°K) 


1300 

1350 

1400 

0.667 

.0.667 

0.667 

.233-04 

.502-04 

.103-03 

<•100-07 

.118-07 

.283-07 

.159-05 

.336-05 

.673-05 

.176-07 

.268-07 

.397-07 

.102-04 

.743-05 

.552-05 

<.100-07 

<,100-07 

<.100-07 

.600-06 

.117-05 

.217-05 

.^25-07 

.581-07 

.776-07 

.660-04 

.655-04 

.644-04 

.333 

,333 

.333 


1450 

0.667 
. 199-0.3 
.636-07 
,129-0-i 
.572-07 
.419-05 
<.100-07 
,385-05 
.101-06 
.627-04 
.333 
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TABLE A-4 



EQUILIBRIUM MOLE 

REACTIONS FOE 

THE B.H.-CH. 
2 6 4 

SYSTEM AT 

O’. 000263 ATM 




TOR A 0. 

01^ BY VOLUME 

INITIAL 

2 6 

CONCENTRATION 


Chemical 



Temperature 

(°K) 



Species 

1200 

1250 

1300 

1350 

1400 

1450 


(s) 

0.667 

0.667 

0.667 0 

.667 

0.667 

0.667 

At 

H 

(8) 

.811-05 

'.199-04 

.455-04 

.979-04 

.200-03 • 

, 388-03 

ClI 

(g) 

<.100-07 

<.100-07 

<.100-07 

.118-07 . 

.282-07 

.636-07 

SA 

<g) 

.294-06 

.708-06 

. 1-59-05 

.336-05 

.573-05 

.129-04 

CH- 

(8) 

, <.100-05 

<.100-07 

<.100-07 

.138-07 

.204-07 

.293-07 


(g) 

.551-05 

.379-05 

.269-05 

.195-05 

.145--05 

. 110-05 

C,“4 

(g) 

<.100-07 

<.100-07 

<.100-07 < 

.100-07 

<.100-07 ■ 

<.100-07 

BK_ 

(8) 

.134-06 

.292-06 

.600-06 ■ 

.117-05 

.217-05 1 

.385-05 

BH„ 

(g) 

.107-07 

.155-07 

.218-07 

.298-07 

.398-07 

.520-07 

B 

(s) 

.665-04 

.664-04 

.661-04 

.655-04 

.645-04 

.628-04 

C 

(s) 

.333 

.333 

.333 

.•333 

.333 

.333 
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T^JBLE A-5 


EQUILIBRIUM MOLE FRACTIONS FOR THE- SYSTEM AT 0.0001 ATM 

FOR A 0.01% BY VOLUME B„H, INITIAL CONCENTRATION 

4 0 . • 


Temperature (®K) 


1350 


Chemical 

Species 


H2 • 

(g) 

H 

Cs) 

CH^ 

(g) 

^2^2 

(g) 

CH^ 

(g) 

CH^ 

(g) 


(g) 


fg) 

BH_ 

3 

(g) 

3 

(s) 

C 

(s) 


1200 

0.667 

.132-04 

<.100-07 

.294-06 

<.100-07 

.209-05 

<.100-07 

.134-06 

<.100-07 

.665-04 

.333 


1250 

0.667 

.322-04 

<.100-07 

.707-06 

<.100-07 

.144-05 

<.100-07 

.292-06 

<.100-07 

.661-04 

.333 


1300 

0.667 

.737-04 

<.100-07 

.159-05 

<.100-07 

.102-05 

<.100-07 

1.600-06 

.134-07 

.661-04 

.333 


0.667 
.159-03 
.118-07 
.336-05 
<.100-07 
.743-06 
<.100-07 
.117-05 
.184-07 
. 655-04 
.333 


1400 

0.667 
. .324-03 
.282-07 
.672-05 
.126-07 
.552-06 
<.100-07 
.217-05 
.245-07 
.645-04 
.333 


1450 

0.667 

,630-03 

,636-07 

.129-04 

,181-07 

.419-06 

<.100-07' 

.385-05 

.320-07 

.628-04 

.333 
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TABLE A -6 


EQUILIBRIUl'I MOLE FRACTIOiSS FOR THE SYSTEM 'AT 0.01 ATM 

FOR A 0.001% BY VOLUME INITIAL nowr.SNTRATION 

2 6 


Chemical 



Temperatuce 

(°K) 



Species 

1200 

1250 

1300 

1350 

1400 

1450 


( 8 ). 

0,667 

0.667 

0.667 U 

.667 

0.667 

0.667 

H 

(g5 

.132-05 

.322-05 

.737-05 

.159-04 

.324-04 

.630-04 

CH 

(g) 

<-100-07 

<.100-07.-„ 

.. <.100-07 

.118-07 

.283-07 

.636-07 


(g) 

.294-06 

.707-06 

.159-05 

.334-05 

.673-05 

.129-04 

CH 3 

(g) 

.215-07 

.352-07 

.556-07 

.848-07 

.126-06 

.181-06 

CH4 

(g) 

.209-03 

.144-03 

: 102-03 

.743-04 

.552-04 

.420-04 


<g)' 

.365-07 

.418-07 

-.474-07 

.533-07 

.594-07 

.658-07 

BH 3 

(g) 

.134-06 

.292-06 

.600-06 

.117-05 

.217-05 

.385-05 

BH 3 

(g) 

.662-07 

.957-07 

.134-06 

.184-06 

. 245-06 

,321-06 

B 

(s) . 

.647-05 

.628-05 

.593-05 

.532-05 

.426-05 

. 313-05 

C 

(s) 

.333 

.333 

.333 

.333 

.333 

,.333 
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TABLE A-7 


EQUILIBRIUM MOLE FEACTIONS FOR THE B^H^-CH^ SYSTEM AT 0 . 001 ATM 

FOR A 0.001% BY VOLUME INITIAL CONCENTRATION 

2 ' 6 


Chemical Temperature (®K) 


Species 

1200 

1250 

. 1300 

1350 

1400 

U50 • 

"^2 

(g) 

0.667 

0.667 

0.667 

0..667 

0.667 

0.667 

H 

(g) 

.416-05 

' .102-04 

.233-04 

.502-04 

.103-03 

.199-03 

CH2 

Cg) 

<•100-07 

<.100-07 

<.100-07 

.118-07 • 

.283-07 

.636-07 

^2^2 

(g) 

.294-06 

.708-06 

.159-05 

' .336-05 

.673-04 

; 129-04 

C„3 

(g) 

.<.100-07 

.111-07 

.176-07 

.268-07 

.347-07 

’.572-07 

CH, 

(g) 

.209-04 

.144-04 

,. 102-04 

.743-05 

.552-05 

‘.419-r05 

=2»4 

(g) 

. <.100-07 

' <.100-07 

<.100-07 

<.100-07 

<•100-07 , 

<.100-07 


Cg) 

.134-06 

.292-06 

.600-06 • 

.117-05 

.217-05 ■ 

.385-05 

BH3 

(g) 

.209-07 

.303-07 

.425-07 

.581-07 

■ .776-07 

.101-06 

B 

(s) 

.651-05 

.635-05 

.603-05 

.544-05 

. 442-05 

. 349-05 

c- ■ 

(s) 

.333 

.333 

,333 

• .333 . 

.333 

.333 


L27 



TABLE A- 8 


V 

EQUILIBRIUH MOLE ERACTIOMS FOR THE • SYSTEM AT 0-000263 ATM 

FOR A 0.001% BY VOLUME B H, INITIAL CONCENTRATION 


> / • . • 

Chemical Temperature (°K) 


Speci 

es 

1200 

1250 

1300 

1350 

1400 

1450 

"^2 

(g) 

0.667 

0.667 

0.667 

0.667 

0.667 

0.667 

H 

(g) 

.811-05 

.199-04 

■ .455-04 

.979-04 

.200-03 

.388-03 

CH^ - 

(g) 

<.100-07 

<.100-07 

<,100-07 

.118-07 

.282-07 

.636-07 

C2H2 

(g) 

.294-06 

• .708-06 

,159-05 

.336-05 ■ 

• .673-05 

. 129-04 

CH3 

(g) 

<.100-07 

<.100-07 

<.100-07 

.138-07 

,204-07 

.293-07 

CH^ 

(g) 

.551-05 

-.379-05 

.269-05 

.195-05 

.145-05 

.110-05 

C 

(g) 

<.100-07 

<.100t07 

<.100-07 

<.100-07 

<.100-07 

<,100-07 

BH, 

(g) 

.134-06 

.292-06 

j. 600-06 

.117-05 

.217-05 

.385-05 

BH3 

(g) 

.107-07 

.155-07 

.218-07 

.298-07 

.398-07. 

.520-07 

B 

(s) 

V 65 2-05 

-.'636-05 

: 605-05 

-.- 547-05 

446-05 

.276-05 

C 

<s) 

.333 ■ ■ 

.333 

.333 

.333 

.333 - 

.333 
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TABLE A- 9 


EQUILIBRIUld MOLE FBACTIOKS FOR THE SYSTEM AT 0,0001 ATM 

FOR A 0.001% BY VOLUlffi B„H. INITIAL CONCENTRATION 

2 6 

Chemical Temperature (°K) 


Species 

1200 

1250 

1300 

1350 

1400 

1450 


(g) 

0.667 

0.667 

0.667 

0.667 

0.667 

0.667 

H 

(g)- 

,132-04 

.322-04 

.737-04 

.159-03 

.324-03 

.630-03 

CH 

(g) 

<.100-07 

<.100-07 

<.100-07 

.118-07 

.282-07 

.636-07 


(g) 

.294-06 

.707-06 

.159-05 

.336-05 

.672-05 

.129-04 


(g) 

<.100-07 

<.100-07 

<.100-07 

<.100-07 

.126-07 

.181-07 

CH^ 

(s) 

.209-05 

.144-05 

,102-05 

.743-06 

.552-06 

.419-06 

S.^4 

(g) ■ 

<.100-07 

<.100-07 

<-100-07 

<.100-07 

<.100^07 

<.100-07 

BK2 

(g) 

.134-06 

.292-06 

.600-06 

.117-05 

.217-05 

.385-05 

BH3 ; 

(g) 

<.100-07 

<.100-07 

.134-07 

.184-07 

.245-07 

,320-07 

B 

(s) 

,653-05 

',637-05 

.605-06 

.548-05 

.447-05 

.278-05 

C 

(s) ' 

.333 

.333 

.333 

, .333 

.333 

. -.333 
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TABLE A-10 


EQUILIBRIUM MOLE FRACTIONS FOR THE SYSTEM AT 0,01 ATM 

■ FOR A 0.0001% BY VOLUME 'B.H, INITIAL CONCENTRATION 

2 6 


Chemical , Temperature (°K) 


Species 

1200 

1250 

1300 

1350 

1^00 

1450 . 

'^2 

(g) 

' 0.667 

0.667 

0.667 

0.667 

0.667 

0.667 

H 

(s) 

.132-05 

■ .322-05 

.737-05 

.159-04 

.324-04 

.630-04 

CH2 

(g) 

<.100-07 

<.100-07 

<.100-07 ■ 

.118-07 . 

.282-07 

.636-07 

^2^2 

(g) 

.294-06 

.707-06 

.159-05 

.336-05 

,672-05 

.129-04 

CH^ 

(g) 

...215-07 

.352-07 

.556-07 

.848-07 

,126-06 

.181-06 

CH, 

4 

(g) 

.209-03 

.144-03 

.102-03 

.743-04 

.552-04 

.420-04 

^2^4 

(g) 

.365-07 

.^^18-07 

.474-07 

.533-07 

■ .594-07 • . 

.658-07 

BH2 

(g) 

.134-06 

.292-06 

.5^5-06 • 

.576-06 

.599-06 ■ 

.616-06 

BH3 

(g) 

.662-07 

.957-07 

.122-06 

.906-07 

.678-07 

.512-07 

B 

(s) 

.467-06 

.362-06 

,000 

,000 

.000 

,000 

C • 

(s) 

.333 

.333 

.333 

-.333 

.333 

.333 
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TABLE A-11 


EQUILIBRIUM MOLE FRACTIONS FOR THE .B 2 Hg-CH^ ‘SYSTEM AT. 0.001 ATM 
FOR A 0.0001% BY VOLmiE INITIAL CONCENTRATION 

Temperature (°K) 

1350 


Chemical 

Species 


'^2 

(g) 

H 

(g) 

CH 2 

(g) 

^ 2^2 

(g) 

CH 3 

(g) 

CH^ 

(g) 

"^2^4 

(g) 


(g) 

BH 3 

(s) 

B 

(s) 

C 

(s) 


1200 

0..667 

.416-05 

<.100-07 

.294-06 

,100-07 

.209-04 

<.100-07 

.134-06 

.209-07 

.512-06 

.333 


1250 

0.667 

.102-04 

<.100-07 

.708-06 

.111-07 

.144-04 

<.10d-07 

.292-06 

,303-07 

.345-06 

.333 


1300 

0.667 
. 233-04 
<.100-07 
.159-05 
.176-07 
.102-04' 
<.100-07 
.|600~06 
.425-07 
.245-07 
.333 


0.667 
.502-04 
.118-07 
.336-05 
.268-07 
.743-05 
<.100-07 
.635-06 
. 316-07 
.000 
.333 


. 1400 

0.667 
..103-03 
.283-07 
.673-05 
.397-07 
.552-05 
<.100-07 
i 644-06 
.230-07, 
.000 
.333 


1450 

0.667 

.199-03 

.636-07 

.129-04 

.572-07 

.419-05 

<.100-07 

.650-06 

.171-07 

.000 

,333 
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TABLE A-12 


EQUILIBRIA MOLE FRACTIONS FOR THE SYSTEM AT 0.000263 ATM 

FOR A 0,0001% BY VOLUME B^H, INITIAL CONCENTRATION 

Z. b 


Chemical 

Species 


Temperature (°K) 


1200 


1250 


1300 


1350 


1400 


'^2 

( 8 ) 

H 

Cg> 

CH^ 

(g) 

C2H2 

(g) 

CH 3 

( 8 ) 

CH, 

4 

(g) 

S^-4 

(g) 

BH 2 

(g) 

BH 3 

( 8 ) 

B 

(s) 

C 

(s) 


0.667 

.811-05 

<.100-07 

.294-06 

<.100-07 

.551-05 

<.100-07 

.13A-06 

.107-07 

.522-06 

.333 


, 0.667 
.199-04 
<.100-07 
.708-06 
<.100-07 
.379-05 
<.100-07 
.292-06 
.155-07 
.359-06 
.333 


0.667 ■ 

.455-04 
<.100-07 
.159-05 
<.100-07 
.269-05 
<.100-07. 
.600-06 
.218-07 
.463-07 
.333 


0.667 
.979-04 
.118-07 
.336-05 
.138-07 
.195-05 
<.100-07 
..650-06 
. 16 6” 07 
.000 
.333 


0.667 
.200-03 
.282-07 
.673-05 
.204-07 
• .145-05 
<.100r-07 
.655-06 
.120-07 
.000 
.333 ■ 


1450 

0.667 
. 388-03 
.636-07 
.129-04 
.293-07 
.110-05 
<.100-07 
.658-06 
<.100-07 
,000 
-.333 
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TABLE A-13 

EQUILIBRIUM MOLE FRACTIONS FOR THE SYSTEM AT. 0.0001 ATM 


FOR A 0.0001% BY VOLUME B„H^ INITIAL CONCENTRATION 


Chemical 

Species 

1200 

1250 

2 b 

/ 

Temperature 

1300 

(°K) 

1350 

1400 

1450 . 

«2 

(g) 

0.667 

0.667 

0.667 0 

.667 

0.667 

0.667 

H 

(g) 

.132-04 

.322-04 

.737-04 

’.159-03 

.324-03 

.630-03 

CH^ 

(g) 

<.100-07 

<.100-07 

<.100-07 

.118-07 , 

.282-07 

.636-04 

^2^2 

<g) 

.294-06 

.707-06 

.159-05 

,336-05 

.672-05 

.129-04 

CH3 

(g) 

<.100r07 

<.100-07 

<.100-07 < 

.100-07 

.126-07 

.'181-07 


(g) 

.209-05 

.144-05 

.102-05 

.743-06 

.552-06 

-.419-06 

*"2*^4 

(g) 

<.100-07 • 

' <.100-07 

<.100-07 < 

.100-07 

<.100-07. 

<.100-07 

BH3 

(g) 

.134-06 

.292-06 

.600-06 

,656-06 

; 659-06 \ 

. 667-06 

BH3 

(8) 

<.100-07 

<.100-07 

'.134-07 

.103-07 

<.100-07 

<.100-^.07 

B 

(s) 

V 527-06 

•.365-06 

.'554-07 

.000 

.000 

.000 

C. 

(s) 

.333 

.333 

.333 

,333 

.•333 

.333 
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TABLE A- 10 


EQUILIBRIUM MOLE FRACTIONS FOR THE SYSTEM AT 0.01 ATM 

' FOR A 0.0001% BY VOLUME •B„H, INITIAL CONCENTRATION 

2 6 


Chemical 



Temperature 

(°K) 



Species 

1200 

1250 

1300 

1350 

1^00 

1450 • 

^2 

(g) 

■ 0.667 

0.667 

0.667 

0.667 

0.667 

0.667 

H 

(g) 

.132-05 

■ .322-05 

.737-05 

.159-04 

. 324-04 

.630-04 

CH^ 

(g) 

<.100-07 

<.100-07 

<.100-07 ■ 

.118-07 . 

.282-07 

.636-07 


(g) 

.294-06 

.707-06 

.159-05 

.336-05 

.672-05 

.129-04 

CK 

(g) 

.,.215-07 

.352-07 

.556-07 

.848-07 

.126-06 

.181-06 

CH^ 

(g) 

.209-03 

.144-03 

.102-03 

.743-04 

.552-04 

.420-04 


(g) 

.365-07 

.^18-07 

.474-07 

,533-07 

• . 594-07 • 

.658-07 

BH 2 

(8) 

.134-06 

.292-06 

. 5 A 5 -O 6 ■ 

.576-06 

.599-06 ' 

. 616-06 


(g) 

.662-07 

.957-07 

.122-06 

.906-07 

.678-07 

.512-07 

B 

'(s) 

.467-06 

.362-06 

.000 

,000 

.000 

,000 

C • 

(s) 

.333 

.333 

.333 

-.333 

.333 

.333 



TABLE A-11 


EQUILIBRIUM MOLE FRACTIONS FOR THE SYSTEM AT. 0.001 ATM 

FOR A 0.0001% BY VOLTOffi B2Hg INITIAL CONCENTRATION 


Chemical 

Species 



(g) 

H 

(g) 

CH^ 

(g) 

CrHz 

(8) 

CH3 

(g) 

CH4 

(g) 


Cg) 

BH2 

(s) 

BH„ 

(g) 

B 

(s) 

C 

(s) 


Temperature (°K) 


1200 

1250 

1300 

0..667 

0.667 

0.667 

.416-05 

.102-04 

. 233-04 

<.100-07 

<.100-07 

<.100-07 

.294-06 

.708-06 

.159-05 

.100-07 

.111-07 

.176-07 

.209-04 

.144-04 

.102-04 

<.100-07 

<.10d-07 

<.100-07 

.134-06 

.292-06 

.j600-06 

.209-07 

.303-07 

.425-07 

.512-06 

.345-06 

.245-07 

.333 

.333 

.333 


1350 

. 1400 

1450 

0.667 

0.667 

0.667 

.502-04 

..103-03 

. .199-03 

.118-07 

.283-07 

.636-07 

.336-05 

.673-05 

.129-04 

.268-07 

.397-07 

.572-07 

.743-05 

.552-05 

.419-05 

<.100-07 

<.100-07 

<.100-07 

.635-06 

; 644-06 ■ 

.650-06 

, 316-07 

.230-07, 

.171-07 

.000 

.000 

.000 

.330 

.333 

.333 



TABLE A-12 


EQUILIBRIUl-I MOLE FRACTIONS FOR THE SYSTEM AT 0.000263 ATM 

FOR A 0,0001% BY VOLUME ’b„H- INITIAL CONCENTRATION 

I. b 


Chemical Temperature (°K) 


Species 

1200 

■ 1250 

1300 

1350 

1400 

1450 

''2 

(g) 

0.667 

, 0.667 

0.667 ’ 

0.667 

0,667 

0.667 

H 

(g> 

.811-05 

.199-04 

.455-04 

.979-04 

.200-03 

. 388-03 

CH^ 

(g) 

<•100-07 

<.100-07 

<.100-07 

.118-07 

.282-07 

.636-07 

C H 
2 2 

(g) 

.294-06 

.708-06 

.159-05 

,336-05 ■ 

. .673-05 

.129-04 

CH^ 

(g) 

<.100-07 

<.100-07 

<.100-07 

.138-07 

.204-07 

.293-07 

CH^ 

(g). , 

.551-05 

.379-05 

.269-05 

.195-05 

.145-05 

. 110-05 


(g) 

<.100-07 

<.100-07 

<.100-07. 

<.100-07 

<.100r-07 

<.100-07 

BH^ 

(g) 

.13A-06 

.292-06 

.600-06 

..650-06 

.655-06 

.658-06 

BH 3 

(g) 

.107-07 

.155-07 

.218-07 

. 166—07 

.120-07 

<.100-07 

B 

(s) 

,522-06 

.359-06 

.463-07 

.000 

.000 

.000 

C 

(s) 

.333 

.333 

.333 

. .333 

.333 ■ 

' —.333 



TABLE A-13 


EQUILIBRIUM MOLE FRACTIONS FOR THE SYSTEM AT. 0.0001 ATM 

FOR A 0.0001% BY VOLUME B„H. INITIAL CONCENTRATION 

2 6 


Chemical Temperature (°K) 


Species 

1200 

1250 

1300 

1350 

1400 

1450 . 

H2 

(g) 

0.667 

0.667 

0.667 

0.667 

0.667 

0.667 

H 

(g) 

.132-04 

.322-04 

.737-04 

.159-03 

.324-03 

.630-03 

CH 

Cg) 

<.100-07 

<.100-07 

<.100-07 

.118-07 , 

,282-07 

.636-04 


(g) 

.294-06 

.707-06 

.159-05 

■ ,336-05 

.672-05 

.129-04 

CH 

(g) 

<.100„-07 

<.100-07 

<.100-07 

<.100-07 

.126-07 

; 181-07 

CH, 

(g) 

.209-05 

.144-05 

,102-05 

.743-06 

.552-06 

'. 419-06 

C2®4 

(g) 

<.100-07 ■ 

■ <.100-07 

<.100-07 

<.100-07 

<,100-67. 

<.100-07 

BH^ 

(g) 

.134-06 

.292-06 

.600-06 

.656-06 

: 659-06 ' 

. 667-06 

BI13 

(g) 

<.100-07 

<.100-07 

■.134-07 

.103-07 

<.100-07 

<.100-^,07 

B 

Cs) 

•.'527-66 

-.365-06 

.'554-07 

.000 

.000 

.000 

C. 

(s) 

.333 

.333 

.333 

.,333 

.•333 

.333 
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SUimHY OF CONDITIONS 


Percent B„1L in 
2 6 

Original . 

•Reaction. Mixture 


0.01 

.01 

.01 

.01 

.001 

.001 

.001 

.001 

.0001 

.0001 

-.0001 

.0001 


TABLE A-14 ' 


FOR VmiCH THE SOLID BORON PHASE IS PRESENT 



Tempera ture 

Below 

f 

Pressure 

Vrnicii Solid 

Boron 

(atm) 

Phase is Present 
(°K) 

0.01 

1600 


.001 

1600 


.000263 

1600 


.0001 

1600 


.01 

1450 


.001 

1450 


.000263 

1500 


.0001 • 

1500 


-.01 

1250 


.001' 

1300 


. 0002.63 

1300 


.0001 

1300 




APPENDIX B 


OPERATION OF HYDROGEN CLEANING FURNACE 
Start-Up Procedure 

1. Shut all valves, EXCEPT valves 4A, B. 

2. Put "sample in furnace and tighten fittings. 

3. Attach hose to vacuum pump and turn on pump. 

4. slightly open valve 9 until system is evacuated in a feu hours. 

5. Open H 2 tank; set regulator at 100 PSIG; set safe auto-fill 
sv;itch-to '‘fill"; open valves lA, 2k. 

6. Shut off vacuum purap and pressurize system with H 2 to atmos- 
pheric pressure with valve 3A and then close valve 3A, 

7. Open valve 5A by 1/2 turn; close valve 9; slowly open valve 3A 
by 5 turns. 

8. Slowly pressurize system to 600 PSIG at 50 PSIG intervals and 
set downstream pressure regulators to 10 PSIG. 

9. Set timer; plug Helium solenoid valve and controller into timed 
outlet; plug in furnace variac (set at 75); set controller to 
required' temperature and turn on (controller wil3. remain off 
until turned on by timer).; set safe auto— fill switch to auto 
safe"; shut safety valve '2k. 

10. Turn on cooling water; shut valve lA; set regulator to ap- 
proximately 150 PSIG above previous setting; shut off H 2 tank. 


Run Procedure 

1. If system is at temperature, turn on H 2 tank; open safety valve 
2k and 'wait 1/2 hour. 

2. Light fisher burner and turn on valve 6A. 

3. Set flov; with valve 7: close bypass valves 4A, B. (Hainta'in flow 
at less than 10 cc/min.) 


Shut down Procedure 

1. Open bypass valves AA, E; close safety valve 2A; shut off contol- 
ler; unplug variac; put helium purge solenoid on timer (set to 
turn off 5-6 hours after controller is shut off) ; slowly vent 
system with valve 7. 
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• / 

2. Aftei" venting, close all valves , -EXCEPT bj'pass valves B; 

turn off tank; shut off fisher burner. 

3. Start vacuum pump and slightly open valve 9. (Cool down and 
evacuate system overnight.) 


Removal of Sample from Furnace 

1. Unp lug _ helium purge solenoid valve; open valve 9 all the vjay. 

2. Open helium tank (regulator set at 100 PSIG) ; open valves IB, 
2B; set safe auto-fill switch to "fill"; turn off vacuum pump. 

3. Slowly fill system ’tc'ith helium using valve 3B; at atmospheric 
pressure close valve 3B; close valve 9; remove hose from 
vacuum pump; slowly open valve 9; close valves IB, 2B, 

4. Unload furnace. 

5. Exhaust from regulator into hood. (Make sure valves 5A, 
B, 9, 4B are closed; open helium and tanks; open valves 4A, 
lA, B, 2A, B; connect metal hose to line going to hood; open 
valve 3B. by 15 turns ; open valve 3A by 2 turns ; set regula- 
tor at 100 PSIG; close valves 3A, B, lA, B, 2A, B.) 



APPENDIX C 


LOW PRESSURE EPITAXIAL DIAMOND GROWTH 

An epitaxial diamond growth run was also made in addition to the 

doping runs discussed previously. This experiment was a low pressure 

deposition using methane in an attempt to improve the diamond deposi- 

tiomrate ~by preclud"ing the fomatixm 'of graphite. 

■ One of the terminating steps in the diamond growth process is 

the formation of graphite on the diamond surface during deposition. 

Mien graphite covers the diamond surfaces , no further growth occurs 

since graphite is the stable carbon phase the temperatures and 

pressures that have been' used for low pressure epitaxial diamond 

grcx\<th. If graphite formation during the diamond growth process can 

be precluded, substantial increases in growth may be obtained. The 

deposition process would be greatly simplified since a run vjould not 

have to be terminated for hydrogen removal of graphite and could 

therefore continue until the required weight gain had been obtained. 

Lowering the pressure at which the deposition is performed , should 

theoretically tend to eliminate or reduce graphite formation during 

the diamond growth process. This effect was observed during the dia- 

2 

mond deposition experiments of H. Will. As the system pressure was 
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reduced below 1 Torr, 'the amount of. graphite deposited during depo- 

2 

sition decreased. The lowest pressure used by II. Will v’as 0.15 
Torr. In an attempt to eliminate graphite formation completely dur- 
ing the epitaxial grovjth of diamond, a deposition was made on 0.2664g 
of 0-1 micron natural diamond powder at a pressure of approximately 
0.01 Torr. The pressure just upstream of-'the quartz vacuum chamber 
was 0.015 Torr .and the pressure dovmstream of the chamber was less 
than 0.002 Torr. The pressure at the diamond sample was therefore 
somewhat less than 0.01 Torr. The deposition proceeded for 23 hours 
at 1050° C. ' There was a noticeable decrease in the amount ‘of graph- 
ite deposited on the diamond and on the quartz portions of the depo- 

r 

sition chamber during this run compared with the doping runs and the 

2 

earlier deposition experiments- of K. Will. The diamond x^as dark 

gray instead -of the usual black color after this deposition. The 

I 

gross x^eight increase of the diamond- plus the deposition sample test 

tube X7as 0.0090 g. The sample x^as hydrogen cleaned to remove 

graphite. A xi’eight loss of 0.0048 g occurred during the hydrogen 

22 23 

cleaning. Based on the x^ork of W. Stanko, ’ • a x^eight loss of ap- 

pr-oximately 0.3 percent of the diamond sample (i.e., 0.8 mg) can be 
expected during hydrogen c3.eaning. Therefore, approximately 56 per- 
cent of the gross x/eight, increase during this deposition xvas nexv^ 
diamond. This is considerably larger than the usual 25 to 30 percent 
of the gross xreight gain that is nexj diamond. 



APPENDIX D 


CALCULATION OP WAVELENGTH ASSOCIATED WITH A 100 KV ELECTRON 
The deBroglie ijavelength associated with an electron which has 
been accelerated through a 100 KV potential field can be calculated 
by equating the energy gained by the electron, its kinetic energy, 
to the worly done on the electron. 

Equating the force .on the. electron to its time rate of change 
of momentum gives - 


„ d'(mv) dv 

F = — A = m 

dt . dt 


The vjork done on the electron over an infinitesimal distance dx is 


^ , ■. dx , j dx 

Fdx = m dv tt + v dm - 3 — 
dt dt 


(D-2) 


or 




(D-3) 


For the non-relativistic case, dm = 0 and integration of equation 

' 2 

(D-3) leads to a kinetic energy of "1/2 mv . However, the assumption 
that dm equals zero cannot be made for a 100 KV electron, since its 
velocity is a considerable fraction of the velocity of light. The 
electron mass and velocity in equation (D-3) are related by the fol- 
lowing equation: 

(D-4) 
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.^0 


“*28 

where: = electron rest mass (9.109X10 g) 

C - velocity of light (2.997925X10^° cm/sec) 

* ' « ♦ 

Substitution of equation (O-^^i) into equation (D-3) gives 


m 


Fdx = 


• /(/r - v2/c2 


2 ' 

9 o m 

vdv + 1 C - C “2 / dni 
m 


Integration of equation (D-5) results in 


(D~5) 


Fx = mC + K 


(D-6) 


The boundary condition that when x = 0, m = gives a value of 
2 

“in^G ' for the integration constant in equation (D-6). The kinetic 


energy of the electron is therefore: 

2 2 

. F.E. = mC - ra C 
o 


(D-7) 


The mass and velocity of a 100 KY electron can be readily calculated 
from equation (D-7) . 


^( 1 .. 


100,000 eY( 1.6021X10- 

\ 


12 ergs\ 


eV 




997925X10^° (m - m ) 

sec: / o 


m = 10.892X10“^° g 


The electron velocity is then found from equation (D-4). 

V = 1 . 644X10 

sec 

The deBroglie vravelength of 100 KV electron v’hich was used in the . 
calculation of lattice constants from the doped and undoped diamond 
electron diffraction patterns can then be calculated from the fol- 
lowing equation 

= — = 0.03700 A 
D mv 
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where: 


Ip = deBroglie wavelengtl- 

' -27 

h - Planck’s constant (G. 62554X10 erg-sec) 
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